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Abstract 
Fracture Characterization of Recycled HDPE/nanoclay Composites 
Suk Joon Na 
Y. Grace Hsuan, Ph.D. 
 
High density polyethylene (HDPE) is one of the most widely used engineering 
plastics in infrastructures, particularly in a pipeline system. Current HDPE pipes are 
made from pristine resin which directly relies on petroleum supply. Utilizing recycled 
HDPE to replace a portion of pristine resin certainly provides benefits in improving the 
sustainability of the HDPE pipes and saving raw materials. However, challenges still 
remain to apply the recycled material for engineering applications which specifically 
require the long-term service life performance. Recycled materials generally possess 
inferior material properties to the pristine counterpart, and they have a higher risk of 
failure caused by stress cracking within a desired lifetime.     
To suggest a solution to the concern, this research focuses on a new class of 
materials which are polymer/nanoclay composites (PNCs). The presence of a small 
amount of nanoclay significantly enhances the properties by increasing mechanical 
properties, flammability resistance and surface scratch resistance while decreasing gas 
permeability. However, the fracture resistance of the recycle-based PNCs, particularly 
stress crack resistance (SCR), has not been studied yet. This research therefore evaluates 
the effect of nanoclay on the short-term and long-term fracture resistance of 
pristine/recycled HDPE pipe material.  
The short-term fracture resistance was characterized using the essential work of 
fracture (EWF) concept test. The results revealed that nanoclay has not produced 
xix 
 
significant toughening effect and causes embrittlement of the materials. Adding nanoclay 
to pristine HDPE, a steady decrease in fracture toughness was measured until 4-wt% of 
nanoclay after which the change was insignificant. Conversely, nanoclay content more 
than 2-wt% in recycle-blends greatly decreased the fracture toughness value.  
The long-term SCR via slow crack growth (SCG) mechanism was evaluated by 
means of the Notched Constant Ligament Stress (NCTL) test. The result revealed that, 
unlike the short-term fracture resistance, the nanoclay enhanced SCR and extended the 
failure time. By integrating the short-term and long-term failure behavior employing the 
elastic-plastic fracture mechanics, a correlation between the fracture toughness and SCG 
was accomplished in this study. 
1 
 
CHAPTER 1: BACKGROUND AND LITERATURE REVIEW 
1.1 Introduction 
Throughout the past few decades, the use of high density polyethylene (HDPE) 
has been steadily increasing in civil infrastructures and environmental engineering 
projects, particularly for pipeline network systems. With good mechanical properties, 
corrosion resistance, light weight and ease of economical manufacturing, HDPE has 
continuously replaced conventional pipe materials such as steel, concrete and other 
plastics.  
Current HDPE pipes used in infrastructures are made from pristine resin which 
relies on petroleum supply. Thus, they are not an ideal material from the aspect of 
environmental sustainability. Moreover, an increase in the use of HDPE in consumer 
products as well as in engineering applications has promoted concerns about the 
accumulated plastic waste due to its permanence in the environment. To improve the 
sustainability of the HDPE pipe and to suggest a solution to these concerns, recycled 
polyethylene (PE) was considered as potential material sources. Using recycled HDPE to 
replace a portion of pristine resin certainly provides benefits in lowering the overall cost 
of raw materials and reducing environmental impacts.  
Challenges still remain, however, with respect to the cracking resistance over the 
design life when recycled HDPE is blended with the pristine resin. Increasing recycled 
content in a pristine/recycled HDPE blend is likely to degrade cracking resistance and 
leads to an increase in failure risk within the desired lifetime. For example, Stefanovski et 
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al. (Stefanovski et al., 2002) reported that stress crack resistance of recycled polyethylene 
is much poorer than that of the pristine pipe resins.   
To improve the stress crack resistance of recycle-blended HDPE, this study 
investigated a nanoclay-reinforced HDPE. Polymer/nanoclay composites have received 
considerable attention due to their improved material properties. Incorporating a small 
amount of nanoclay into a polymer matrix can significantly enhance the tensile strength, 
surface scratch resistance, and flammability resistance while decreasing gas permeability 
(Gilman et al., 2000; Mudaliar et al., 2006; Zeng et al., 2005).  
On the basis of the potentially enhanced material properties over the pristine state, 
the fundamental hypothesis of this research is that pipes made from pristine and recycled 
HDPE blends could be engineered with the inclusion of small concentration of nanoclay 
in order to achieve comparable performance to the pristine HDPE, particularly from the 
aspect of stress crack resistance. In this thesis, the effect of recycled HDPE on the 
fracture properties of pristine HDPE (Chapter 2) and the effect of nanoclay on the 
fracture properties of recycle-blended HDPE (Chapter 3) are discussed using the essential 
work of fracture (EWF) concept. Furthermore, in Chapter 4, the long-term failure 
behaviors of HDPE/recycled/nanoclay composites are investigated using the stress 
cracking resistance test. The test results are, then, analyzed by correlating the fracture 
toughness and slow crack growth (SCG) mechanism. 
 
1.2 Recycled Polymer 
The recycling process can cause changes of the microstructure and mechanical 
properties of the polymer. In general, post-used polymers are subjected to high 
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temperature and intensive shearing during the recycling process. These processing 
conditions promote thermal and mechanical degradation of polymers. Aurrekoetxeat et al. 
(Aurrekoetxea et al., 2001a) investigated the effects of the recycling process on 
microstructure and the mechanical properties of isotactic polypropylene (iPP). They 
observed that the melt flow index (MI) increased after a certain number of recycling 
cycles. An increase of MI implies chain scission of molecular structures (i.e., reduction of 
molecular weight). The reduction of molecular weight led to an increase in the mobility 
and the ability of polymer chains to form lamellae, leading to an increase in the degree of 
crystallinity. 
The mechanical properties such as elastic modulus and yield stress are highly 
correlated with the degree of crystallinity. The elastic modulus increases as the 
crystallinity increases. The flexibility of a polymer depends on the rotation ability of 
polymer chains, and crystalline structures prevent such rotations. As a result, a polymer 
with higher crystallinity tends to be stiffer (i.e., higher modulus) than the same material 
with lower crystallinity. The yield stress also increases due to the increase of lamellae 
thickness and degree of crystallinity. 
The elongation at break drastically decreases with increasing number of recycling 
cycles. La Mantia (La Mantia, 1999) reported that the elongation at break decreased by 
50% after 3 and 5 recycling steps for HDPE and polypropylene (PP), respectively. 
Aurrekoetxeat et al. also found a similar decreasing trend in the elongation at break of 
iPP. Such decreasing trend is related to the higher crystallinity and the reduction of 
molecular weight (Aurrekoetxea et al., 2001a; La Mantia, 1999).  
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The reduction of molecular weight also leads to a decrease in the density of tie-
molecules which bridge crystalline lamellae, and the probability of chain entanglements 
in the amorphous phase (Ibhadon, 1998). Tie-molecules act as stress transmitters between 
adjacent lamellae and support the external force. Consequently, changes of molecular 
weight by the reprocessing play an important role in fracture properties of a material. 
 
1.3 Polymer/nanoclay composite material 
Polymer/nanoclay composites are typically composed of polymer matrix and 
smectite clays such as montmorillonite (MMT) because of their swelling properties. In 
general, MMT exists in the form of silicate layers consisting of two tetrahedral sheets 
with a central alumina octahedral sheet as shown in Figure 1. MMT has an ideal chemical 
formula of Al2Si4O10(OH)2•n(H2O). Isomeric substitution within tetrahedral or octahedral 
sheets generates the negatively charged surfaces that are counter balanced by alkali and 
alkaline earth cations, typically Na
+
 or Ca
2+
. The thickness of each layer is approximately 
0.96 nm and each layer is bonded by van der Waal’s force, forming a silicate tactoid. 
Since the bonding between the layers is weak and the surface of the layer is negatively 
charged, water and exchangeable ions can readily enter these layers, called the galleries.  
 
 
5 
 
 
Figure 1: Atomic structure of montmorillonite (Sinha Ray & Okamoto, 2003) 
 
 
Polymer/nanoclay composites can be classified into three types based on the 
dispersion state of the silicate layers: conventional, intercalated and exfoliated, as 
illustrated in Figure 2. Pure MMT which exhibits hydrophilic characteristics is not 
miscible with hydrophobic polymer matrix such as polyethylene (PE). The physical 
mixture of a polymer and pure MMT does not form a nanocomposite. A large size of 
nanoclay tactoid acts as a defect within a polymer matrix, and the enhancement by 
nanoeffect cannot be expected as shown in Figure 2a.  
Thus, the transformation of the characteristics of MMT should be achieved prior 
to blending with a polymer matrix. The characteristics of the MMT surface can be 
modified from hydrophilic to organophilic by substituting cation for organic surfactants 
such as alkylammonium compound. The incorporation of organic surfactants expands the 
interlayer spacing and enables polymer chains to diffuse into the gallery. If a surfactant 
increases the interlayer spacing while the nanoclay layers remains stacked, the nanoclay 
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composite is classified as ‘intercalated’ as shown in Figure 2b. If the nanoclay platelets 
are completely separated and distributed in disorder within a polymer matrix, then the 
composite can be considered as ‘exfoliated’ (Figure 2c). 
 
 
 
(a) (b) (c) 
Figure 2: Schematic drawing of three types of nanoclay composites 
 
 
1.4 Properties of polymer/nanoclay composites 
Several remarkable improvements of properties in clay-reinforced polymers have 
been reported. For mechanical properties, adding a small amount of nanoclay to 
thermoplastic polymer matrices causes a significant increase in tensile strength and 
modulus. Kojima et al. (Kojima et al., 1993) observed that the improved mechanical 
properties are responsible by the interaction between the silicate layers and polymer 
matrix. The 2D plate-like silicate layer with a high aspect ratio confined the mobility of 
7 
 
polymer chains, leading to an increase in tensile strength and modulus. Zhao et al. (Zhao 
et al., 2005) also reported that the aspect ratio of nanoclay, the degree of the dispersion 
state, and the adhesion between the nanoclay and polymer matrix greatly affect the 
mechanical properties of composites.  
Barrier properties are also significantly enhanced by the addition of nanoclay. 
Yano (Yano et al., 1993) et al. found that adding 2-wt% of MMT to polyimide greatly 
reduced the coefficient of thermal expansion and permeation coefficient of water vapor 
by 21% and 54%, respectively. This is because the impermeable and dispersed silicates 
increased the total length of the diffusing gas path as shown in Figure 3. 
  
 
Figure 3: Conceptual model for tortuosity of path 
 
 
1.5 Cracking in HDPE pipe 
HDPE has been an attractive material for infrastructure applications such as 
drainage pipes. The relatively high crystallinity of HDPE leads to high mechanical 
properties and chemical resistance. However, due to the high crystallinity, HDPE is 
susceptible to stress cracking within a desired service life (Grace Hsuan, 2000). Stress 
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cracking refers to brittle failure which does not exhibit a macroscopic yielding on the 
failure location.   
The failure of HDPE can be categorized into two failure modes: ductile and brittle. 
Ductile failures exhibit large-scale plastic deformation and extensive yielding adjacent to 
the failure surface as shown in Figure 4. This type of failure is typically observed at high 
applied stress and short failure time condition. The failure mechanism of the ductile 
failure is associated with the creep behavior of HDPE. 
 
 
 
Figure 4: Ductile failure of PE pipe (O'Connor & Denton, 2012) 
 
 
In contrast to the ductile failure, brittle failures exhibit smooth failure surfaces 
without any plastic deformation adjacent to the failure location (Figure 5). Such cracking 
phenomenon can be observed at the condition of a long period of time at a low stress 
level.  
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Figure 5: Brittle failure of PE pipe (O'Connor & Denton, 2012) 
 
 
Lustiger and Markham (Lustiger & Markham, 1983) proposed a microscopic 
conceptual model describing the difference in failure mechanisms associated with applied 
stress levels. Semi-crystalline polymers consist of a crystalline and an amorphous phase. 
When semi-crystalline polymers undergo tension, the tie-molecules bridging the lamellae 
are stretched as illustrated in Figure 6. At a high stress level where the tie-molecules 
cannot be further stretched, the lamellae start to break into small units and those units are 
integrated to form fibrous morphology. 
On the other hand, a low stress level provides sufficient time for the tie-molecules 
to disentangle and relax. After a long period of time when most of the tie-molecules are 
disentangled, a few remaining tie-molecules cannot support the stress and failure occurs 
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in the amorphous region. Accordingly, the material fails in a brittle manner exhibiting a 
smooth failure surface at the macroscopic scale. 
 
 
 
Figure 6: Conceptual model of ductile and brittle failure in molecular level (Lustiger & 
Markham, 1983) 
 
 
Therefore, the failure mechanisms of a HDPE pipe can be categorized depending 
on the magnitude of the applied load as shown in Figure 7. At the condition of high stress 
and short failure time, the failure is governed by the creep behavior of HDPE while SCG 
is the main failure mechanism at the low stress and long failure time condition. Since this 
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study focused on the stress cracking, the oxidation degradation, which exceeds the stress 
cracking failure time, was not considered. 
 
 
 
Figure 7: Failure behavior of HDPE pipe  
 
 
1.6 Fracture mechanics 
In order to understand the cracking phenomenon in a test material, fracture 
mechanics was employed to analyze the fracture behavior. The concept of fracture 
mechanics was firstly proposed by Griffith in 1920 (Griffith, 1921). He developed the 
concept of critical crack size for brittle fracture in glass, by applying an energy-balance 
concept of thermodynamics. However, this early version of fracture mechanics was not 
able to explain the fracture in metals. In 1948, Irwin (George R Irwin, 1948) and Orowan 
(Orowan, 1949) independently proposed the modified Griffith’s theory to account for 
plastic energy dissipated during the fracture process, which could be applied to metals. 
Later, Irwin (G.R. Irwin, 1957) found that the amplitude of stress and displacement ahead 
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of the crack-tip in an elastic body can be expressed by a single parameter, stress intensity 
factor K, which is now widely used in fracture mechanics.  
The use of the fracture parameter K is strictly limited to the condition that 
nonlinear plastic deformation should be confined to a small region at the crack-tip (i.e., 
small scale yielding), and most engineering materials include significant plastic 
deformation at the crack-tip. To overcome the limitation of K, the theory of fracture 
mechanics has been extended to include elastic-plastic and fully plastic conditions. In the 
mid-1960s, Rice (James R Rice, 1968) developed a new fracture toughness parameter, J-
integral or simply J, to account for non-linear elastic deformation at the crack-tip. Linear 
elastic fracture mechanics (LEFM) and elastic-plastic fracture mechanics (EPFM) are 
now widely used to analyze the crack-tip condition and crack behavior in materials.     
 
1.6.1 Linear elastic fracture mechanics 
One of the most widely used parameters in fracture mechanics is the stress 
intensity factor K. Assuming a cracked body obeys the Hooke’s law (i.e., linear elastic 
condition) and fails in a brittle manner, K represents the amplitude of the crack-tip stress 
singularity, which is proportional to the stress near the crack-tip. The general form of K is 
expressed by, 
 
 𝐾 = 𝑓(𝑎/𝑊)𝜎√𝑎 (1) 
 
where f(a/W) denotes a dimensionless constant that depends on the crack-tip geometry 
such as crack length (a), and width of the cracked body (W). Different materials require 
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different K to propagate crack. This critical value determined in a plane-strain condition 
is referred to as the critical stress intensity factor Kc which is also called the fracture 
toughness.  
 
1.6.2 Elastic plastic fracture mechanics 
In most plastic materials, fracture is accompanied by large-scale plastic 
deformation at the crack-tip, which cannot be characterized by LEFM. Thus, an 
alternative fracture mechanics model is required for such condition. Rice (James R Rice, 
1968) developed a path-independent contour integral that is equal to the energy release 
rate in a nonlinear cracked body. Considering a cracked body in Figure 8, an arbitrary 
path near the crack-tip, which he defined as the J-integral, is given by 
 
 
 
 
Figure 8: Line integral, J-integral, along the path Γ at the crack-tip in two dimensions 
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 𝐽 = ∫ (𝑤𝑑𝑦 − 𝑇𝑖
𝜕𝑢𝑖
𝜕𝑥
𝑑𝑠)
𝛤
 (2) 
 
 
where w denotes strain energy density, Ti is components of the traction vector, ui is 
components of the displacement vector and ds is length increment along the contour Γ. 
Rice presented that the J-integral value is independent of the path around the crack-tip. 
This feature suggested that any easier path can be selected to evaluate the J-integral as 
long as the path envelops the crack-tip. Later, Hutchinson (Hutchinson, 1968), and Rice 
and Rosengren (J. R. Rice & Rosengren, 1968) found that there is a unique relationship 
between J-integral and stress-strain field at the crack-tip for nonlinear materials. This 
stress field is now widely known as the Hutchinson, Rice and Rosengren (HRR) stress 
fields, and the J-integral became the fracture parameter for nonlinear materials. 
 
1.6.3 Essential work of fracture concept 
The essential work of fracture (EWF) concept has recently become a popular 
method to characterize the fracture properties of ductile polymers due to its simple test 
protocol and specimen preparation. In contrast to the J-integral test, which requires an 
accurate measurement of small crack growth and complex specimen geometries such as 
compact-tension (CT) specimen, the EWF test only needs the measurement of the initial 
ligament length and less rigorous specimen geometry requirements (Ching et al., 2000; 
Wu & Mai, 1996).  
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The EWF concept was first proposed by Broberg (Broberg, 1968, 1971, 1975) 
and elaborated by Cotterell, Mai and their co-workers (Cotterell & Reddel, 1977; Y.-W. 
Mai & Cotterell, 1986; Y. W. Mai & Pilko, 1979). The assumption was that the total 
work energy required for fracture failure of the double edge notched tensile (DENT) 
specimen can be partitioned into two components: (i) the surface energy consumed in the 
fracture process zone (FPZ) to create new crack surfaces, and (ii) the volumetric energy 
dissipated by the plastic work in outer process zone (OPZ) as illustrated in Figure 9. 
 
 
 
Figure 9: Schematic diagram showing the fracture process zone (FPZ) and outer process 
zone (OPZ) in DENT specimen under tensile loading 
 
 
The total work of fracture (WF) can be expressed as the sum of essential fracture 
work (WE) and non-essential plastic work (Wp),  
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 𝑊𝐹 = 𝑊𝐸 +𝑊𝑃 = 𝑤𝑒𝑡𝑙 + 𝛽𝑤𝑝𝑡𝑙
2 (3) 
 
where t and l are the thickness and ligament length of the DENT specimen, respectively. 
By normalizing Equation (3) with the ligament area (i.e., tl), the specific work of fracture 
(wf) yields a linear equation with regard to the ligament length, 
 
 𝑤𝑓 = 𝑤𝑒 + 𝛽𝑤𝑝𝑙 (4) 
 
where we is the specific EWF, and wp is the specific non-essential fracture work per unit 
volume. β is the geometrical shape factor corresponding to the plastic deformation zone 
in OPZ. Based on Equation (4), we corresponds to wf at zero ligament length, and is 
independent of specimen geometry (i.e., ligament length l). Therefore, we is considered to 
be a material constant. Mai and Cotterell (Y.-W. Mai & Cotterell, 1986) demonstrated 
that there is a theoretical equivalence between EWF and J-controlled crack growth for a 
DENT specimen, as illustrated in Equation (5).   
 
 
𝑤𝑓 = 𝐽𝑐 +
𝑑𝐽
𝑑𝑎
𝑙
4
 
(5) 
 
 
where Jc is critical J value, a is crack extension. The equality between we and Jc was 
derived which is the fracture toughness of the material. This theoretical equivalence was 
also experimentally verified by others (Levita et al., 1994; Y.-W. Mai & Cotterell, 1986; 
Paton & Hashemi, 1992; Wu & Mai, 1996; Wu et al., 1993). 
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The EWF concept was initially developed for a plane-stress condition. To ensure 
the plane-stress fracture mode, several restrictions of the specimen geometry are required. 
For the upper bound, the ligament of the specimen must fully yield prior to crack 
initiation. To achieve such requirements the ligament length of the DENT specimen must 
be less than a plastic zone size (rp) ahead of the crack-tip, and rp is determined as, 
 
 
𝑟𝑝 =
1
2𝜋
(
𝐸𝑤𝑒
𝜎𝑦2
) 
(6) 
 
 
where E is the Young’s modulus and σy is the yield stress of the material. Additionally, 
the ligament length must be less than W/3 to prevent the edge effect. For the lower bound, 
the specimen must be in a plane-stress state while undergoing a tensile loading. This 
limitation can be satisfied if the ligament length is three to five times greater than the 
thickness of specimen. By combining the upper and lower bound restrictions, the 
ligament length should meet the following size criterion, 
 
 
(3 − 5)𝑡0 ≤ 𝑙 ≤ min⁡(
𝑊
3
, 2𝑟𝑝) 
(7) 
 
Although the EWF concept was developed for the plane-stress condition, several 
studies have investigated its applicability for the plane-strain condition (Karger-Kocsis & 
Ferrer-Balas, 2001; Luna et al., 2003; Paton & Hashemi, 1992; Saleemi & Nairn, 1990). 
It has been found that a mixed failure mode occurs when the ligament-thickness ratio 
violates the size criteria for the plane-stress condition and becomes comparably smaller 
(i.e., l/t < 3). As shown in Figure 10, a continuing decrease of the ligament length (or 
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ligament length to thickness ratio) will change the fracture mode from a mixed mode to a 
plane-strain mode. 
 
 
 
Figure 10: Changing of specific work of fracture with respect to ligament length. The 
dashed line indicates the plane-stress specific EWF whereas the solid line at y-intercept 
presents the plane-strain specific EWF. 
 
 
The determination of the plane-strain EWF is still a highly debatable issue and 
several approaches have been proposed such as non-linear regression on the specific 
work of fracture using a power-law function (Saleemi & Nairn, 1990). Recently, an 
energy partitioning approach was used to determine the EWF value proposed by Kwon 
and Jar (Kwon & Jar, 2007). Figure 11 shows a load versus displacement curve obtained 
from a tensile deformation test of a DENT specimen. The onset of the rapid load drop 
corresponds to the brittle failure occurring at the mid-thickness region due to stress-
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triaxiality. Further increase in displacement leads to continuing load drop caused by the 
significant necking behavior at the surfaces of the specimen under the plane-stress 
condition. By removing the fracture energy of the severe plastic deformation (i.e., 
necking behavior) WN, the plane-strain fracture energy can be represented by the area 
under the brittle failure region of the curve, WD (the shaded area in Figure 11). 
 
 
 
Figure 11: Energy partitioning method separating brittle and ductile failure region (WB: 
Fracture energy by brittle failure in the middle of a specimen and WN: fracture energy by 
severe necking failure at the free surfaces on the edge. ∆P is the displacement 
corresponding to the partitioning point). Side view of a DENT specimen at a different 
failure progress is illustrated. 
 
 
As a result, Equations (3) and (4) are changed to: 
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 𝑊𝐹 = 𝑊𝐵 +𝑊𝑁 (8) 
 
 𝑤𝑓 = 𝑤𝑓,𝐵 + 𝑤𝑓,𝑁 (9) 
 
 𝑤𝑓,𝐵 = 𝑤𝑒,𝐵 + 𝛽𝐵𝑤𝑝,𝐵𝑙 (10) 
 
 𝑤𝑓,𝑁 = 𝑤𝑒,𝑁 + 𝛽𝑁𝑤𝑝,𝑁𝑙 (11) 
 
 
where we,B, βB and wp,B represents the plane-strain EWF parameters. This energy 
partitioning method was also experimentally verified by using  specimens with different 
thicknesses (6.25 mm and 12.5 mm) to obtain the thickness-independent specific EWF 
value for HDPE (Kwon & Jar, 2006, 2007).  
In this study, the EWF concept employing the energy partitioning method was 
applied for the determination of the thickness-independent plane-strain fracture properties 
of pristine, recycled HDPE and pristine/recycled HDPE/nanoclay composite materials. 
The effect of recycled HDPE content and nanoclay on the fracture properties of 
pristine/recycled HDPE blends will be discussed in the Chapter 2 and 3, respectively. 
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CHAPTER 2: FRACTURE CHARACTERIZATION OF PRISTINE/RECYCLED 
HDPE BLENDS 
2.1 Introduction 
In the past decade, the use of polymeric engineering materials in civil 
infrastructures and environmental engineering projects has steadily increased. At the 
same time, commercial household products made from plastics have also greatly 
increased because of their economical manufacturing, light weight and chemical 
resistance. While the best management of plastic waste poses challenges and results in 
the loss of valuable materials, markets for post-consumer plastics have grown in select 
sectors, including building and construction materials, as a way of enhancing the 
environmental performance of plastic materials. According to the American Chemistry 
Council (ACC), the total amount of plastic bottles collected in the United States reached 
a record high of 2,906 million pounds in 2013, in which 36% came from high density 
polyethylene (HDPE) bottles. The recycled rate is 31.6% and most of the post-consumer 
HDPE was utilized to reproduce non-food bottles (38%) and pipe materials (28%) 
(American Chemistry Council, 2014) as seen in Figure 12.  
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Figure 12: (a) Plastic bottle recycled, and (b) end use of domestic recycled HDPE bottles. 
The Percentage data is on the basis of weight of produced bottles. 
 
 
Almost 30% of recycled HDPE bottles by weight are being used in pipe products. 
However, recycled HDPE materials have inferior properties compared to pristine HDPE. 
La Mantia, and Pattanakul et al.(La Mantia, 1999; Pattanakul et al., 1991) reported that 
the tensile strength and modulus of recycled HDPE are higher but the elongation at break 
is significantly lower than the pristine materials due to the reprocessing. Aurrekoetxea et 
al. (Aurrekoetxea et al., 2001a; Aurrekoetxea et al., 2001b) also reported that recycled 
polypropylene (PP) has lower fracture toughness than the pristine one by showing the 
smaller size of the plastically deformed area, resulting in the less absorbed fracture 
energy. Therefore, the main hypothesis tested in this paper is that recycled HDPE also 
possesses a low fracture toughness value and is more susceptible to brittle fracture and 
cracking. The fracture properties must be evaluated when recycled material is being 
incorporated into the pipe products. This paper studied changes in fracture properties 
when recycled HDPE (from 25% to 75%) was blended with pristine resin. The fracture 
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properties were characterized experimentally and numerically by applying the essential 
work of fracture (EWF) concept. 
 
2.2 Experimental work 
2.2.1 Materials 
The pristine HDPE resin (ExxoneMobil
TM
 HDPE HD 7800P) with density of 
0.954 g/cm
3
 was supplied by ExxonMobil
TM
, and the HDPE post-consumer recycled 
resin collected from the number “2” stamped products such as milk jugs and water bottles 
was provided by Envision Plastics. Five sets of blended pellets with weight percentages 
of recycled HDPE varying from 0 to 100% at an increment of 25% were prepared by 
extrusion using a laboratorial twin-screw extruder. The test samples were then 
compression molded into plaques with the dimension of 170mm × 170mm and thickness 
of 13mm and 2mm according to the ASTM 4703-Procedure A (ASTM D4703, 2010). 
 
2.2.2 Melt index 
The melt index (MI) test is a qualitative method to assess the molecular weight of 
polymeric materials. For the same type of polymers, a low MI indicates high molecular 
weight and vice versa (Hsuan & Koerner, 1998). The MI was evaluated by measuring the 
amount of the extruded molten polymer at 190°C through an orifice under the load of 
2.16kg according to ASTM D1238 (ASTM D1238, 1995). Figure 13 shows the change of 
MI with the recycled HDPE content and indicates that the recycled HDPE used in this 
study has a higher MI (i.e., a lower molecular weight) in comparison to the pristine 
HDPE. The MI increases almost linearly with the recycled content. 
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Figure 13: Relationship between MI and recycled HDPE content 
 
 
2.2.3 Crystallinity 
The percent crystallinity was determined by using the differential scanning 
calorimeter (DSC)  according to the procedure described in ASTM D3418 (ASTM 
D3418, 2003). Three replicates were tested and the specimens were taken from the 
compression molded plaques with 2mm thickness. Test specimens, which weighted 3.5 - 
4 mg were heated from room temperature to 200 ̊C at a rate of 10 ̊C/min under a nitrogen 
atmosphere. The crystallinity was determined by integrating the melting curve between 
60 ̊C to 150 C̊. Figure 14 shows that the crystallinity increases with recycled HDPE 
content. The recycled HDPE has a much higher crystallinity than the pristine HDPE. This 
is because the HDPE bottles are generally made from homopolymer with density around 
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0.965 g/cm3 and the pristine HDPE is a linear copolymer with density of 0.954 g/cm3 
used for non-pressure rated pipe. 
 
 
 
Figure 14: Relationship between crystallinity and recycled HDPE content 
 
 
2.2.4 Mechanical properties 
The uniaxial tensile test was performed according to ASTM D638 (ASTM D638, 
2003) at a strain rate of 5 mm/min and a gauge length of 25 mm. The Type IV test 
specimens were die out from 2-mm thick compression molded plaques. The strain was 
monitored using an extensometer. The engineering stress-strain response was recorded 
and subsequently the true stress-strain relationship was calculated using Equation (12) 
and (13): 
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 σtrue = σeng(1 + εeng) (12) 
 
 
εtrue = ln(1 + εeng) (13) 
 
where σtrue and σeng represent the true stress and the engineering stress, respectively, and 
εtrue and  εeng indicate the true and the engineering strain, respectively. The converted true 
stress-strain relationships for all tested materials were plotted in Figure 15a. Due to 
nonlinearity of the true stress-strain curve, the yield stress and elastic modulus were 
determined by employing the elastic-plastic model which rendered the plastic 
deformation and have been used to describe the behavior of PE (Ivankovic et al., 2004; 
Janko et al., 2012). In the numerical simulations, the Poisson’s ratio was assumed as 0.35 
(Bliznakov et al., 2000; Janko et al., 2012). The simulation gave the best agreement with 
the experimental data at the proportional limit of 1.5%, as shown in Figure 15b. Thus, the 
secant modulus at 1.5% of strain was defined as an elastic modulus and the yield stress 
was the stress corresponding to 1.5% strain. Table 1 shows the mechanical properties of 
all tested materials. 
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Figure 15: (a) True stress-strain curves of test materials and (b) elastic-plastic model of 
P100 
 
 
Table 1: Mechanical properties of test materials obtained from the elastic-plastic model 
Sample 
Code 
Pristine HDPE 
Content (%) 
Recycled HDPE 
Content (%) 
Yield 
Stress (MPa) 
Elastic 
Modulus (MPa) 
P100 100 0 13.0 869.3 
P75R25 75 25 13.4 895.7 
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P50R50 
P25R75 
R100 
50 
25 
0 
50 
75 
100 
13.6 
14.0 
14.9 
909.0 
930.2 
993.9 
 
 
Figure 16 depicts the changes of yield stress and secant modulus with recycled 
contents. Since the elastic properties are governed by the crystallinity of the polymer, 
both yield stress and modulus increase with recycled content (La Mantia, 1999; X. Lu et 
al., 1995; van der Wal et al., 1998). 
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Figure 16: (a) yield stress and (b) elastic modulus versus recycled content 
 
 
2.2.5 EWF test 
The DENT specimen with dimensions of 40 mm-width (W), 100 mm-height (H), 
and 8.5 mm-thickness (t), as seen in Figure 9, was used for the EWF test. The notching 
consisted of two stages. The initial 15mm section of the notch was made using a fine saw 
with a thickness of 0.9mm. The remaining notch was introduced by pushing a razor blade 
from the initial notch-tip to a target ligament at a rate of 1mm/min (Figure 17). 
Specimens with ligament lengths ranging from 0.2t (1.7mm) to 0.8t (6.8mm) were 
prepared. The EWF test was conducted at a tensile displacement rate of 5mm/min.  
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Figure 17: notch-tip geometry of a specimen 
 
 
2.3 EWF test results 
2.3.1 Mode of failure 
Figure 18a displays the load-displacement curves of pristine and recycle-blended 
materials with a ligament length of approximately 5mm. By incorporating recycled 
material into the pristine HDPE, it changed the load-displacement curve by reducing both 
the maximum load and the displacement at failure. In addition, the fracture behavior 
transformed from a stable-ductile to a brittle mode. The greatest load dropping point was 
determined as the greatest load change with displacement (Figure 18b), and is indentified 
by the arrow at each curve in Figure 18a. These points will be used in the energy 
partitioning approach to separate the brittle and necking regions. 
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Figure 18: (a) Load versus displacement curves of DENT specimens with approximate 
ligament length of 5mm. The arrow indicates the greatest load dropping point at which 
the energy partitioning method is applied. (b) dN/d∆ versus displacement. 
 
 
In order to characterize the fracture modes, the “ductility level” introduced by 
Martinez et al. (Martinez et al., 2009) was employed. They described that the fracture 
mode of a DENT specimen is related to the ductility at the crack-tip, and is categorized 
by the ductility level (DL) which is expressed as, 
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𝐷𝐿 =
𝑑𝑟
𝑙
 
(14) 
 
where l is ligament length and dr is the displacement at failure in the load-displacement 
curve. A low ductility level indicates a brittle failure mode due to low crack-tip plasticity, 
whereas a high ducility level reflects blunting and necking behavior at a crack-tip. In this 
study, DL is defined by the ratio of displacement at the partitioning point (∆P in Figure 11) 
to the ligament length of the test specimen. The ductility levels of tested materials were 
calculated and plotted against the recycled content in Figure 19. The ductility level 
steadily decreases to 50-wt% after which the ductility level remains essentially the same, 
suggesting that the fracture mode was dominated by the recycled material at contents 
greater than 50-wt%, or a minimum of 50-wt% of prinstine resin must be added to this 
particularly recycled HDPE material in order to increase the ductility level. 
 
 
 
33 
 
Figure 19: The influence of recycled content on the ductility level 
 
 
2.3.2 Specific EWF 
The plane-strain specific EWF value, we,B, was determined by applying the energy 
partitioning approach. The specific work of fracture in association with the fracture 
energy in the brittle failure region (wf,B) versus ligament length of each material is shown 
in Figure 20. For the pristine HDPE, the we,B is 7.51 kJ/m
2
 which is higher than the 
reported values. Kwon et al. obtained values ranging from 5.66 to 6.14 kJ/m
2
 from 
specimens with thicknesses of 6.25 and 12.5 mm (Kwon & Jar, 2006, 2007). Also, 
Zhuang and O’Donoghue (Zhuang & O'Donoghue, 2000) predicted the plane-strain 
fracture toughness of HDPE pipe using numerical simulations, to be around 6 kJ/m
2
. The 
reasons for the discrepancy may be due to different sample preparation methods (e.g. 
compression molding vs. extrusion) and the density of the HDPE resins which is 0.96 
g/cm
3
 for Kwon’s research and 0.954 g/cm3 in this study.  The obtained we,B exhibits a 
linear relationship with the percentage of recycled HDPE as shown in Figure 21a. 
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Figure 20: Plane-strain specific work of fracture (wf,D) respecting ligament length 
 
 
2.3.3 Specific non-EWF 
In contrast with we,B, βBwp,B changes exponentially with recycled content in Figure 
21b. According to the EWF concept and Equation (8), βBwp,B corresponds to the slope of 
the plane-strain specific total work of fracture and reflects the dissipated fracture energy 
by plastic deformation around the ligament. Since recycled HDPE exhibits a greater 
brittleness than pristine HDPE, a decrease in the non-essential plastic work is expected. 
However, it is interesting that we,B and βBwp,B respond differently with respect to the 
amount of recycled content. 
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Figure 21: (a) Specific EWF and (b) non-EWF respecting recycled HDPE content 
 
 
βBwp,B is composed of two parameters: the shape factor βB reflecting the geometry 
of plastic deformation zone in OPZ, and the specific work of fracture per unit volume 
wp,B. βB is determined by the ligament length (l) and the height of the plastic zone (h). The 
EWF protocol includes three β values corresponding to three plastic zone shapes: circular, 
diamond and ellipse (Clutton, 2001; Martinez et al., 2009). Typically, the shape of the 
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plastic zone is judged by observing under an optical microscope. In this study, the finite 
element method (FEM) was employed to model the shape of the plastic deformation zone 
and to investigate the relationship between βBwp,B and the content of recycled HDPE. 
Wang and Lu (Wang & Lu, 2007) evaluated the plastic zone shape and the 
specific non-EWF value using 2-D FEM model. In their study, a thin film of 
polyimide/silica (PI/SIO2) composite was used to predict the plastic zone shape under the 
plane-stress condition. However, they used the stationary crack model which provides 
only the onset of cracking. Hence, the specific EWF value was not evaluated since a 
completed failure including the crack propagation region must be considered to predict 
the total fracture energy. In this study, a crack growth model was employed to investigate 
the failure behavior and to generate a completed load-displacement relationship. The 
simulated load-displacement curves and calculated specific EWF values were compared 
with experimental test data to verify the model. Also the plastic zone shape at the middle 
of specimen’s thickness was determined to predict βB.  
 
2.4 Numerical work 
2.4.1 Conventional FEM and XFEM 
There have been some successes to model the fracture behavior in polymers with 
the cohesive zone model (CZM) using the conventional FEM. In CZM, the craze is 
idealized as a single continuum damage zone or cohesive zone. The failure behavior of 
the craze is described by a continuum relationship between the traction applied to the 
cohesive zone surfaces and the associated separation (displacement) of the cohesive zone 
surfaces. Although such a simplifying traction-separation law (TSL) ignores details of the 
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microstructure and mechanisms, CZM has been accepted to model the fracture behavior 
of a bulk material (Janko et al., 2012; Planas & Elices, 1991). However, using the CZM 
approach in the conventional FEM requires a priori specifying the crack propagation 
direction and crack path in the finite element mesh. Such requirements of pre-defined 
crack path in classical finite element analysis post limitations to its application, 
particularly for cases of three dimensional (3-D) analysis with complex geometry and for 
cases where the crack paths are not self-similar but rely on the yet undetermined stress-
strain-displacement fields occurring at different stages of crack evolution. 
A novel numerical method called the extended finite element method (XFEM) has 
features that can overcome limitations of classical FEM, including FEM analysis with 
CZM. The formulation and application of XFEM were firstly proposed by Belytschko 
and Black (Belytschko & Black, 1999) and Moës, Dolbow and Belytschko (Moës et al., 
1999). XFEM extends the classical FEM approach while exploiting its advantages by 
adding terms to enrich the element basis functions to allow for possible discontinuities in 
the state variables and possible singularities in their derivatives. 
In terms of modeling material cracking, XFEM enables displacement 
discontinuities to exist in an element by incorporating special enrichment displacement 
functions to accommodate possible displacement jumps across crack surfaces. Also, 
XFEM can accurately model the strain singularity dominant at the crack tip region by 
incorporating displacement basis functions that give rise to the characteristic singular 
spatial derivatives of displacement at the immediate vicinity of the crack tip. Specifically, 
in XFEM for crack propagating simulation (i) a continuous FEM mesh is still applied to 
the overall domain, (ii) the nodes along the discontinuities are enriched by the Heaviside 
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function, and (iii) the nodes surrounding the crack tip are enriched with crack tip 
enrichment basis functions that enable singular strain distributions to be dominant at the 
crack tip  (Giner et al., 2009). Figure 22 shows a schematic diagram of how the 
enrichment concept is applied to FEM. 
 
 
 
Figure 22: Enriched functions along a crack 
 
 
In the classic FEM, a mesh with duplicated nodes must be placed on pre-selected 
element boundaries to allow  material to be separated along those boundaries so as to 
allow crack growth (Moës et al., 1999). This requirement induces great challenges for the 
cases with complicated geometries such as in three dimensional modeling of complicated 
structures, and for cases where the future crack path is not yet known. Contrary, in 
XFEM, by adding enrichment functions along the discontinuities and adding crack tip 
strain singularity to the basis functions, the future crack path becomes unconstrained 
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from the element mesh. This non-mesh-constrained feature of XFEM modeling cracking 
is schematically illustrated in Figure 23.   
 
 
 
Figure 23: Schematic drawing of (a) Conventional FEM: crack path must takes place 
along element boundaries, and (b) XFEM: discontinuities can be presented within 
elements. 
 
 
Although XFEM enables easier and more flexible modeling of crack propagation 
without a priori specifying the crack path with an associated mesh, there is much to learn 
regarding the applicability of the XFEM model to simulate fracture process in 
polyethylene. We have conducted two sets of XFEM simulations. The first set of 
simulations confirmed that XFEM is capable to allow a crack to self-select its path to 
curve and meander as it grows regardless of element mesh. The second set of XFEM 
simulations, reported here, seeks to evaluate the plane-strain fracture toughness of 
polyethylene based on the EWF concept, and the results are then compared with the 
numerical and experimental data in Janko, et al. (Janko et al., 2012) and Ting, et al. 
(S.K.M. Ting, 2003; Ting et al., 2006) for validation. 
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2.4.2 Applicability of XFEM on EWF method 
2.4.2.1 Materials 
Two different grades of polyethylene (PE1 and PE2) were selected in this study. 
PE1 is a PE80 pipe grade material (Mw=185,000 g/mol, ρ=940 kg/m
3
), and PE2 is a blow 
molding polyethylene (Mw=290,000, ρ=947kg/m
3
). These two materials were tested by 
Pandya and Williams (Pandya & Williams, 2000) and Ivankovic, et al. (Ivankovic et al., 
2004) to characterize the mechanical properties and the values are summarized in Table 2. 
Based on the stress/strain curves presented by Ivankovic et al.(Ivankovic et al., 2004), the 
true stress versus plastic strain of these two materials was calculated (Figure 24).  
 
 
Table 2: Continuum properties of PE1 and PE2 (Ivankovic et al., 2004) 
 Modulus (MPa) Yield Stress (MPa) Poisson’s ratio 
PE1 350 6 0.35 
PE2 450 9 0.35 
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Figure 24: True stress-plastic strain curves of PE1 and PE2 
 
 
Furthermore, Janko, et al. (Janko et al., 2012) analyzed the traction separation law 
(tensile stress and opening displacement of the craze zone) obtained from Ting et al. 
(S.K.M. Ting, 2003; Ting et al., 2006) for the two polyethylene materials and deduced 
the cohesive strength (the maximum cohesive stress) and cohesive energy (the separation 
energy needed to create new crack surface in the cohesive zone), as shown in Table 3 
 
 
Table 3: Parameters of cohesive traction-separation law (Janko et al., 2012) 
 Cohesive Strength (MPa) Cohesive Energy (kJ/m
2
) 
PE1 31.7 39.8 
PE2 38.9 29.5 
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2.4.2.2 Modeling 
The computational simulations were performed with XFEM implemented in the 
commercial finite element analysis software ABAQUS version 6.11. A double edge 
notched tensile (DENT) specimen (Figure 25) was used to model the EWF test for 
determining the fracture toughness of polyethylene. To shorten the computational time, 
symmetry was invoked so a half model (symmetry in x direction (width) was used in two 
dimensional (2-D) simulations (Figure 25a), and a quadrant model with symmetry in x 
(width) and z (thickness) directions was adopted for the three dimensional (3-D) 
simulations of the DENT test (Figure 25b).  
 
 
 
Figure 25: Specimen geometry for simulation of EWF test. (a) The 2-D model covers half 
of the specimen geometry, and (b) the 3-D model covers a quarter of the specimen 
geometry. 
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The dimensions of the specimen used for the EWF simulation are 40 mm in width, 
100 mm in length, and 10 mm in thickness. In the specimens simulated, ligament lengths 
ranging from 0.6 mm to 3 mm were generated to conform with the plane strain condition 
(i.e. l0 < t0) (Saleemi & Nairn, 1990). During the simulation, the bottom boundary of the 
mesh was fixed, while the upper boundary moved upward to mimic the displacement-
control tensile test. The load-line displacement and the load-line load were continuously 
recorded. During the simulated test, the CZM damage mechanics controlled crack growth 
was allowed. The maximum principal stress (cohesive strength) and fracture energy 
(cohesive energy) were used for the CZM for damage initiation and the damage evolution 
criterion, respectively. The test was terminated when the crack grew through the ligament 
and separated the specimen. 
Four-node continuum plane-strain elements and eight-node continuum elements 
were used in the 2-D and 3-D models, respectively In order to reduce the computational 
time, the mesh size at the crack tip and along the crack surface was set as 0.1 mm and the 
outer bulk region was set as 1.5 mm for the 2-D model, and 0.5mm and 1.5mm 
respectively for the 3-D model. The XFEM simulations were conducted using an 
incremental formulation that can accommodate nonlinear material behavior, large strain, 
large displacement and large rotation should they exist locally during the course of crack 
growth. A bit of learning was needed to arrive at an optimal strategy for convergence and 
accuracy in the numerical iterations.   
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2.4.2.3 Results and Discussion 
In this study the EWF concept was used as a means to characterize the fracture 
toughness of PE1 and PE2. A set of simulations each with a DENT specimen of different 
ligament length were performed. Due to symmetry in specimen geometry, loading and 
material properties about the crack line, mechanics dictates that the growing crack should 
grow in a self-similar manner, and that was indeed how the crack has propagated in each 
simulation. For each simulation, the total fracture energy (WF) is obtained by integrating 
the load-displacement curves obtained from the 2-D simulation results (Figure 26), and 
the specific work (wf) is calculated by normalizing WF with the initial ligament cross-
sectional area (initial ligament length  multiplied by specimen thickness), as expressed in 
Equation (4). Figure 27 plots the specific work value against the initial ligament length 
for the PE1 and PE2 specimens simulated. The data appears to conform with the linear 
relationship with respect to the ligament length as shown in Equation (4). 
 
 
 
Figure 26: Load-displacement curves from 2-D simulations for PE1. 
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Figure 27: Specific work of fracture versus ligament length: (a) PE1 and (b) PE2. 
 
 
The specific EWF value (we) at the plane-strain condition can then be extracted by 
extrapolating the linear fit line to zero ligament length (Equation (4)). This procedure 
gives the specific EWF value (we) of PE1 as 38.5 kJ/m
2
, and the we for PE2 as 29.3 kJ/m
2
.  
In the 3-D simulations, the crack was initially laid within an element and propagates 
independent of the element boundary. This is the advantage of XFEM over the 
conventional FEM. Figure 28 depicts the crack growth process in the 3-D model. As 
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expected, the crack initiates at the center of the crack tip line and grows towards the 
surface along the thickness of the specimen due to the stress triaxiality.  
 
 
 
 
 
Figure 28: Crack initiation and growth in 3-D XFEM simulation. The color denotes 
maximum principal stress distribution. (a) crack initiation and (b) crack propagation 
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Table 4 lists and compares several fracture toughness characterizing parameters. 
Column one shows the cohesive energy (separation energy for the cohesive zone) as 
determined from experimental data (Janko et al., 2012; S.K.M. Ting, 2003; Ting et al., 
2006), columns 2 lists the plane-strain essential work of fracture we determined by the 2-
D XFEM CZM simulations reported above, column 3 lists the plane-strain essential work 
of fracture we from the 3-D simulations, and column 4 lists the Jc values reported in 
(Janko et al., 2012).  
Physically, the cohesive zone separation energy (column 1) is the energy per unit 
area that is consumed for the cohesive surfaces to become completely separated to create 
new crack surfaces. By its definition (Equations (3) and (4)), the essential work of 
fracture we  (column 2) is the specific essential work of fracture associated with creating  
new crack surfaces in the FPZ (the cohesive zone that mimic the craze). It is not 
surprising that the magnitudes of the cohesive energy (separation energy) are close to that 
of the EWF. Indeed, both 2-D and 3-D simulation values of EWF compare well with the 
experiment-determined values of cohesive energy. The small discrepancy in the fracture 
energy values between 3-D and 2-D models may be caused by the different mesh sizes 
used. The Jc values are approximately 10% higher than that of the corresponding 
experimentally-determined cohesive energy (cohesive zone separation energy). This may 
be attributed to energy also dissipates in the material outside of the cohesive zone and the 
critical J-integral values might have captured that (C. R. Chen et al., 2003; Janko et al., 
2012). 
 
 
48 
 
Table 4: Plane-strain fracture toughness parameters (kJ/m
2
) 
 Cohesive Energy, 
Experiment  
EWF,  
XFEM 2-D 
EWF,  
XFEM 3-D 
Jc  
PE1 39.8 38.5 36.5 43.2 
PE2 29.5 29.3 30.2 33.0 
 
 
2.4.2.4 Conclusion 
This study demonstrates that computational simulations with XFEM coupled with 
data-based CZM are a viable approach to determine the plane-strain fracture toughness 
using the EWF concept. The specific essential work of fracture (EWF) by its definition is 
akin to the cohesive zone separation energy in CZM. The 2-D and 3-D simulation results 
of EWF compared well with experiment-determined cohesive energy for the two grades 
of polyethylene studied. 
 
2.4.3 XFEM modeling for pristine/recycled HDPE blends 
The numerical simulation was carried out using ABAQUS, and the XFEM-based 
cohesive concept was applied for the crack growth modeling. A DENT specimen with the 
dimension of 40 mm-width, 100 mm-height and 8.4 mm-thickness was modeled to mimic 
the specimen’s geometry used for the experimental EWF tests. Because of the 
geometrical symmetry of the specimen, a quadrant model with symmetry in width and 
thickness directions was built for the 3-D simulation to reduce the computational time 
(Figure 29). The ligament length varied from 2.8 mm to 6 mm. The bottom surface of the 
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model was fixed while the upper surface moved upward to simulate the displacement-
controlled tensile test. During the simulation, the load-line displacement and the reaction 
force at the fixed surface were continuously recorded to generate a load-displacement 
curve. In order to reduce computational time while maintaining accuracy, the mesh size 
at the crack-tip and along the potential crack path was refined as 0.2 mm whereas the 
outer bulk region was set to 1.5 mm. Eight-node continuum elements were used to 
develop the 3-D model. An incremental formulation was applied to capture the localized 
nonlinear material behavior and large displacement around the crack-tip during the 
course of crack growth. 
 
 
 
Figure 29: The highlighted part indicates a 3-D quadrant model of the DENT specimen 
for numerical simulation 
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2.4.3.1 Damage zone modeling (Cohesive zone model) 
The cohesive zone model (CZM) was used to enable crack propagation during the 
simulation. Under monotonic loading, the crack growth of HDPE is governed by the 
breakdown of the craze ahead of a crack-tip. Within the craze zone, micro-voids initiate 
while highly stretched fibrils are bridging the potential crack surfaces. At a critical value 
of separation, fibrils at the craze-root ahead of a crack-tip begin to break; subsequently 
crack starts to propagate. The microscopic structures inside a craze zone are 
approximated by macroscopic continuum elements in the CZM concept (Figure 30a) 
which is represented by the relationship of cohesive stress and separation distance, named 
the traction-separation law (TSL) in Figure 30b. As the crack surfaces separate, the 
cohesive stress increases up to the maximum cohesive stress σc at which damage starts. 
Further separation reduces the cohesive stress (i.e., damage softening) until zero at the 
complete separation. The displacement at complete separation is named the critical 
separation δc. The area under the TSL curve represents the cohesive fracture energy Gc 
required to break a unit area of cohesive surface. 
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Figure 30: (a) Cohesive zone ahead of a crack-tip and (b) a typical TSL with exponential 
damage softening charaterized by the cohesive stress, critical separation and cohesive 
energy. 
 
 
Since CZM is a phenomenological model which does not represent a physical 
fracture process of a material; thus, TSL cannot be obtained experimentally. The TSL 
curve was generated through parametric studies by optimizing the output of FEA model 
with the experimental data of each material. The exponential damage softening was 
applied for the relationship between the cohesive stress and critical separation to describe 
the cohesive behavior of elements across the crack plane. Figure 31 shows the obtained 
CZM parameters (σc and δc) in FEA modeling in association with the recycled HDPE 
content. The cohesive stress and the critical separation distance decreases as the recycled 
content increases.  
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Figure 31: Plotting CZM parameters: (a) maximum cohesive stress σc and (b) critical 
separation δc versus recycled content 
 
 
Figure 32 shows the damage propagation sequence from the crack tip in a 
quadrant model during the simulation. The damaged elements were highlighted by the 
blue color. The sequential figures indicate that elements in the mid-thickness region were 
leading the damage and propagated towards the free surface due to stress triaxiality. Thus, 
the mid region experienced a plane-strain condition whereas the region close to the 
surfaces underwent a plane-stress condition.  
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Figure 32: Damage propagation sequence during the XFEM simulation. Red color 
indicates the initial notch and blue represents the damage progression. Positive z-
direction is to the mid-thickness whereas z0 is the specimen surface. (a) Damage initiates 
at a mid-thickness region, (b) damage propagates in both directions: towards the mid-
thickness and the specimen surface, (c) ligament is damaged except the specimen surface, 
and (d) ligament is fully damaged. 
 
 
2.4.3.2 Predicted specific EWF and non-EWF values 
The load-displacement curves obtained experimentally and numerically for tested 
materials with similar ligament lengths are presented in Figure 33. The simulation, which 
employed a fixed strain rate TSL model, agrees well with the experimental test data, 
particularly for the brittle failure region. As pointed out by Ivankovic et al. (Ivankovic et 
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al., 2004), TSL with a fixed rate and constant degree of constraint is suitable for 
predicting the brittle crack growth.  As the recycled content increased, it promoted 
material’s brittleness and limited the severe necking region, subsequently enhanced the 
fitting (Figure 33c - e).    
For the pristine HDPE and P75R25 material, which possess a stable ductile failure, 
the discrepancy between simulation and experimental curves can be seen in the necking 
region, Figure 33a and b. To simulate the ductile crack growth, a TSL model utilized 
different strain rates and degree of constraint factors should be implemented (Pandya et 
al., 2001; Pandya & Williams, 2000). 
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Figure 33: Comparison the load-displacement curves included for each tested material: (a) 
P100, (b) P75R25, (c) P50R50, (d) P25R75 and (e) R100. For clarity purpose, only two 
ligament lengths for each material were plotted. Solid line represents the experimental 
data whereas dotted line indicates the simulation results.  
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The initial slope of the load-displacement curve is governed by the elastic 
property of the material (i.e. elastic modulus E) which increases with the recycled HDPE 
content. However, the peak failure load and the displacement at failure, which correlate 
to the fracture properties (i.e., the cohesive stress σc and critical separation distance δc in 
CZM), decrease as the recycled content increases, as shown in Figure 31. Furthermore, 
the failure mode changes from stable-ductile to brittle.  
The plane-strain specific work of fracture, wf,B, obtained numerically and 
experimentally are plotted against ligament length in Figure 34. The scattering of the 
experimental data could be due to material variability and notching procedure. Within the 
ligament length between 2.8 and 6 mm, the simulation provided a good prediction on the 
fracture behavior of the materials under the EWF test condition. The plane-strain specific 
EWF (we,B) and non-EWF values (βBwp,B) obtained from Figure 34 are plotted against 
recycled content  in Figure 35 and summarized in Table 5.  
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Figure 34: Comparison of specific work of fracture between experiments and simulations. 
(a) P100, (b) P75R25, (c) P50R50, (d) P25R75 and (e) R100. Solid line represents the 
experimental data whereas dashed line indicates the numerical data. 
 
 
 
60 
 
 
Figure 35: (a) Specific EWF and (b) specific non-EWF versus recycled HDPE content 
 
 
Table 5: Comparison between experimental and numerical results 
  we,B (kJ/m
2
) βBwp,B (MJ/m
3
) 
  Experimental Numerical Experimental Numerical 
P100 7.51 7.66 3.842 3.723 
P75R25 5.72 5.77 2.251 2.169 
P50R50 3.98 4.14 1.426 1.458 
P25R75 2.84  2.87 1.114 1.061 
R100 1.67  1.47 0.463 0.487 
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2.4.3.3 Plastic zone size estimation 
The numerical model allows us to access quantitative information such as the 
progress of a plastic zone at the crack-tip and stress-strain distribution under monotonic 
loading, which cannot be obtainable experimentally. The estimation of plastic zone size 
at the crack-tip in the EWF concept follows the Irwin approach in which the normal 
stress (σ22) to the crack plane at the crack-tip is theoretically infinite. However, all 
materials have a finite strength and, as a result, the stress singularity at the crack-tip is 
truncated by yielding. Once the stress reaches the yielding criteria, the stress must 
redistribute to satisfy energy equilibrium by extending a plastic zone ahead of a crack-tip. 
In simulations, the plastic zone shape ahead of a crack-tip was captured by plotting the 
iso-surface contour of normal stress to the crack plane (σ22) which reached the yield stress 
of the material. Figure 36 shows the development of the plastic zone as the load-line 
displacement increases. In Figure 36c, the plastic zone size gradually decreases from the 
surface to the mid-thickness and converges to the size of the plane-strain. Since the 
plane-stress region has been excluded from the calculation for the total fracture energy, 
the plastic zone at the mid-thickness region was quantified and used for the plane-strain 
specific non-EWF calculation, and the shape dimension at the peak load was measured to 
calculate the shape factor βD.  As depicted in Figure 36d, an ellipse shape of plastic zone 
was captured. The shape factor according to the test protocol of EWF is defined as the 
ratio of the height of plastic zone (h) to the ligament length (l), and the ellipse shape of 
the plastic zone is suggested as, 
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β =
π ∙ h
4 ∙ l
 
(15) 
 
Using the measured h and l values, the plane-strain condition in the middle of the 
thickness can be further verified. Levita et al. (Levita et al., 1994) studied the change of h 
as a function of l, and is illustrated in Figure 37a. According to them, h is proportional to 
l at the small ligament length where the plane-strain condition takes place. Thus, β should 
be a constant regardless of the ligament length. On the other hand, h becomes asymptotic 
as ligament length extends to the plan-stress dominated region.  Figure 37b shows the 
results obtained from this study. The linear relationship between h and l confirms plane-
strain occurring in the middle of the thickness.   
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Figure 36: Developed plastic zone under tensile displacement of P25R75 sample. Positive 
z-direction is to the mid-thickness whereas z0 is the specimen surface. The gray color 
represents the stress level beyond the yield stress at the mid-thickness; (a) and (b) 
illustrate the developed plastic zone before the peak failure load, and (c) and (d) 
correspond to the peak failure load in load-displacement curve. 
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Figure 37: (a) Schematic drawing of h versus ligament length, and (b) h versus l for 
tested materials. The y-intercept of regression lines was fixed at zero. 
 
 
The specific non-EWF is defined as βBwp,B; thus, the specific non-EWF fracture 
work per unit volume (wp,B) can be deduced once βB is obtained.  The measured βB and 
wp,B corresponding to different ligament lengths are presented in Figure 38, and  both 
values are relatively constant with respect to the ligament length.  On the contrary, these 
two parameters should vary with ligament length in a plane-stress condition as reported 
by Wang and Lu (Wang & Lu, 2007) due to the nonlinearity of h against l in Figure 37a. 
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Figure 38: βB and wp,B versus ligament length 
 
 
Since βB and wp,B are insensitive to the ligament length, the mean value of each 
parameter is plotted against the recycled content in Figure 39. Both βB and wp,B 
nonlinearly decrease as the content of recycled HDPE increases. This explains why the 
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specific non-EWF responded nonlinearly with the recycled HDPE content in contrast 
with the specific EWF.  
 
 
 
  
Figure 39: βB and wp,B versus recycled HDPE content 
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2.5 Fractography 
In order to investigate the micro-mechanism of fracture behavior, the morphology 
of failed specimens from the EWF tests was examined using a scanning electron 
microscope (SEM) at magnifications of 50X for P100 and 500X for samples contained 
recycled materials. The fracture morphology is depicted in Figure 40. A low magnificent 
(50X) was used for the pristine HDPE because of the large size of torn fibrils. Figure 40a 
reveals the large coalesced voids on the fracture surface of the pristine HDPE sample 
resulted from the highly deformable fibrils which were capable of absorbing energy. In 
contrast, the small voids in Figure 40e imply that torn fibrils were ruptured before 
microvoids were able to grow to large coalesced voids. The limited deformability of the 
fibrils suppressed the development of microvoids, and led to a reduced separation 
displacement. Figure 40b, c and d shows the transition of the fracture morphology at 
different recycled content. As recycled content increases, the fibril size and void size 
decrease. 
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Figure 40: Fracture surface morphology by SEM observation: (a) P100 at 50X, (b) 
P75R25, (c) P50R50, (d) P25R75 and (e) R100 at 500X. The higher the recycled content, 
the smaller size of deformed fibrils and the flatter fracture surfaces were observed. 
 
 
2.6 Discussion 
The effect of recycled HDPE material on the fracture behavior of pristine HDPE 
was investigated. The recycled HDPE used in this study is a single source bottom grade 
material with a MI value of 0.633 g/10min, which is approximately three times higher 
than that of the pristine HDPE resin (0.223 g/10min), suggesting that the recycled HDPE 
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possesses a lower molecular weight than the pristine material. In addition, the 
crystallinity of the recycled HDPE is in the range of 73% whereas an average of 67% was 
measured for the pristine HDPE. The high crystallinity of recycled HDPE is expected to 
exhibit more brittle behavior. The fracture behavior was characterized by applying the 
EWF concept to analyze the load-displacement curves obtained from the tensile test of 
DENT specimens. Five materials were tested with recycled contents ranging from 0% to 
100% in 25% increments. The energy partitioning method was employed to separate the 
brittle failure region and necking region of the load-displacement curve.   
A fixed-rate CZM was used to simulate the load-displacement curve; this 
generated a good fit with the brittle failure region of the experimental curves. The 
simulation results indicated that the linear decrease of specific EWF, we,B, as recycled 
content increased, was due to the decrease of cohesive stress (σc) and critical separation 
(δc) (Figure 31). The fracture morphology supports this observation. The size of ruptured 
fibrils within the craze, which corresponds to the separation distance of the crack, 
decreases as the recycled content increases. Additionally, fibrils in material with high 
recycled content were ruptured at a lower stress level, corresponding to the weakened 
cohesive stress in the CZM.  
The investigation of the specific non-essential work of fracture, βBwp,B, was 
conducted by using the XFEM simulation. As the recycled content increased, βBwp,B 
decreased exponentially rather than linearly. βBwp,B corresponds to the plastic 
deformation of the bulk material outside of the fracture process zone, and is affected by 
properties such as the yield stress and crystallinity. Thus, decreasing βBwp,B indicated an 
increase in the brittleness, as reported by Wang and Lu (Wang & Lu, 2007). The 
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nonlinear behavior of βBwp,B is governed by the shape factor βB and the specific non-EWF 
fracture work per unit volume wp,B. The shape factor (βB) depends on the plastic zone size 
and is inversely related to the yield stress (Eqn. (6)).  Since the yield stress increases with 
recycled content, βB should decrease as recycled content increases. Regarding wp,B, a 
nonlinear trend was observed with a greater decrease from 0 to 50% of recycled material 
and then minimal changes between 50% and 100%. The decreasing trend of wp,B (Figure 
39b) with respect to the recycled content is almost the same as that of the ductility level, 
DL (Figure 19). This may imply that wp,B can be correlated to the displacement at the 
partitioning point. By combining βB and wp,B, the specific non-EWF value showed an 
exponentially decreasing behavior with increasing recycled content. The term, βBwp,B, 
also provides information on the crack growth resistance of the material. According to 
Equations (2) and (3), the equivalence between βwp and 1/4·dJ/da has been established 
for a DENT specimen, and dJ/da represents a crack growth resistance in the JR curve 
under J-controlled crack growth conditions whereas we is equivalent to Jc which refers to 
the critical J integral at the initiation of the crack growth. Therefore, we,B and βBwp,B 
represent the crack initiation and crack growth resistance, respectively, in the brittle 
failure region. Adding brittle recycled HDPE material to the ductile pristine HDPE has a 
greater effect on DL and wp,B than βB up to 50% after that an opposite effect was observed.  
It is uncertain whether similar effect will occur in different sets of recycled/pristine 
blends.   
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2.7 Conclusion 
In this study, the thickness-independent plane-strain fracture properties of pristine, 
recycled and pristine/recycle-blended HDPE were characterized by the EWF analysis and 
investigated by 3-D numerical simulations. The main conclusions are: 
 
 The addition of low molecular weight and high crystallinity recycled HDPE 
transferred the failure mode of pristine HDPE from stable-ductile to brittle. Also 
the yield stress increased with the recycled content, but the peak failure stress 
decreased. 
 The 3-D XFEM with a fixed strain rate TSL can effectively simulate the crack 
growth process during the EWF concept test, particularly for the brittle failure 
region. 
 The plane-strain specific EWF value linearly decreased as the recycled HDPE 
content increased and this behavior can be explained by the decrease cohesive 
stress and critical separation distance from the numerical results of CZM.  
 The fibrils within the fracture processing zone is weakened by adding recycled 
HDPE;  the fibril sizes and deformability decreased as recycled content increased 
Such morphological change on the fracture surface is consistent with the 
numerical results. 
 The plane-strain specific non-EWF value exponentially decreased as recycled 
HDPE content increased. This is because of the nonlinear behavior of βB and wp,B 
with respect to the recycled HDPE content.  
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CHAPTER 3: FRACTURE CHARACTERIZATION OF PRISTINE/RECYCLED 
HDPE/NANOCLAY COMPOSITES 
3.1 Introduction 
In recent years, nanoclay-reinforced polymeric materials have received 
considerable attention because of their potentially enhanced material properties compared 
with polymers in their pristine state. Since the invention of polymer clay nanocomposites 
(PCNs) by researchers at Toyota in 1985 (Okada, 1987), many efforts to evaluate 
material properties including enhancement of strength, stiffness, thermal resistance and 
gas barrier resistance have been successfully accomplished and reported (Bhuva & 
Goettler, 2014; Bureau et al., 2006; L. Chen et al., 2003; Lonkar et al., 2012; Misra et al., 
2012; Tanniru et al., 2006; Tjong & Bao, 2007). One of the remarkable features of PCNs 
is that they can achieve a significant improvement of mechanical properties, with the 
addition of only small amounts of nanoclay (i.e., low weight fraction). According to the 
Halpin-Tsai’s micro-mechanical model (Jones), an increase in Young’s modulus is 
responsible for the high volume density (≈1010 particles/mm3), the high aspect ratio 
(≥100) and the high modulus (≈170 GPa) of the nanoclay particles. Cox’s shear lag 
model (Cox, 1952) also suggests that the nanoclay dispersion and a possibly strong 
interaction between the polymer matrix and the nanoclay particles enhance the strength of 
the composites. In addition, the nanoclay particles confine the mobility of the adjacent 
polymer chains, resulting in improved mechanical properties (Simha et al., 2001).  
However, the fracture resistance of PCNs, particularly of the recycle-blended 
PCNs, has not yet been characterized and is less understood. The fracture toughness is an 
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essential parameter for engineering materials. It characterizes the failure behavior under 
loading. This chapter has therefore discussed the effect of nanoclay on the fracture 
behavior of pristine and recycle-blended HDPE materials under a plane-strain condition. 
The fracture properties were characterized by means of the essential work of fracture 
(EWF) method, and the failure mechanism was investigated by the evaluation of the 
fracture morphology. 
 
3.2 Experimental work 
3.2.1 Materials 
Pristine HDPE resin (ExxonMobil
TM
 HDPE HD 7800P) with density of 0.954 
g/cm
3
 and melt index (MI) of 0.230 g/10 min was supplied by ExxonMobil
TM
. Post-
consumer recycled HDPE resin with density of 0.961g/cm
3
 and MI of 0.642 g/10 min 
collected from number “2” stamped products such as milk jugs and water bottles was 
provided by Envision Plastics. The organo-modified montmorillonite (Nanomer
®
 1.44P) 
containing dehydrogenated tallow dimethyl ammonium (DHTDMA
+
) as a surface 
modifier was provided by Nanocor in the form of a master batch with 50%/50% clay to 
PE ratio. The pristine/recycled HDPE blends were prepared by mixing recycled HDPE 
pellets with pristine HDPE resin produced weight fractions of 25%, 50% and 75%. PCNs 
were prepared by blending the appropriate amount of nanoclay master batch with the 
pristine and pristine/recycled blends to achieve the target concentration of 2, 4 and 6-wt%. 
All test materials were produced in the form of pellets using a laboratorial twin-screw 
extruder. Test samples were then compression molded into plaques with area dimensions 
of 170 mm x 170 mm and with thickness of 2 mm or 13 mm according to the ASTM D 
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4703 A1 (ASTM D4703, 2010). In this paper, sample materials were coded based on the 
weight fraction of each material (e.g. P25R75/4% sample represents 25% pristine HDPE 
and 75% recycled HDPE with 4% nanoclay by weight. Cheng et al. (Cheng et al., 2013) 
examined a HDPE nanocomposite with 4-wt% nanoclay made from a similar sample 
preparation process using a low angle X-ray diffractometer and a transmission electron 
microscope (TEM). They found that the nanoclay platelets were completely exfoliated 
within polyethylene system, and the size of nanoclay platelets ranges from 100 to 200 nm. 
 
3.2.2 Crystallinity 
The percent crystallinity of each material is shown in Table 6. For P100 and 
P75R25 materials, the crystallinity slightly increased with the addition of 2-wt% of 
nanoclay. However, further increase of nanoclay led to a decrease in crystallinity. Studies 
have indicated that the crystallization and growth of polymer can be affected by the 
nanoclay content.  It was reported that silicate layers act as nuclei in the crystallization of 
polymer matrix, promoting crystallization rates (Lewitus et al., 2006; Tanniru et al., 
2006). However, silicate layers at high clay contents can disturb crystal growth and 
hinder the mobility of polymer chains, and thus reduce the crystallization (or growth) 
(Fornes & Paul, 2003; Mudaliar et al., 2006). Therefore, the crystallization of 
polyethylene in the recycled nanocomposites could be enhanced by the nucleation effect 
with nanoclay less than 2-wt%. However, the crystallization could be suppressed by 
nanoclay platelets at concentrations greater than 2-wt%.  This suggests that, 2-wt% of 
nanoclay may be the optimum level to achieve the highest crystallinity for P100 and 
P75R25 materials. Incorporating nanoclay to P50R50 and P25R75 steadily decreased 
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crystallinity, suggesting that nanoclay suppressed the crystallization for materials 
containing a higher level of recycled material.  
 
3.2.3 Mechanical properties 
The uniaxial tensile test was carried out using a universal testing machine (Instron 
5567) according to ASTM D 638 (ASTM D638, 2003) at a strain rate of 5 mm/min. The 
type IV dumbbell-shape specimens were cut from the 2-mm thick molded plaque using 
the standard die. The strain was measured using an extensometer with an initial gauge 
length of 25 mm. The secant modulus at 1.5 % of strain and corresponding stress were 
used as an elastic modulus and yield stress, respectively, based on the elastic-plastic 
model (Na et al., 2015).   
The elastic modulus and yield strength of pristine/recycled HDPE with and 
without nanoclay blends are summarized in Table 6. It is worth noting that mechanical 
properties of semi-crystalline polymers are generally governed by the crystallinity; an 
increase in crystallinity leads to an increase in elastic modulus and yield stress. Such 
correlation was observed for materials blended with recycled HDPE without nanoclay 
(Na et al., 2015). However, similar correlation was not found in PCNs. The mechanical 
properties of PCNs increased even though their crystallinity decreased. Pöllänen et 
al.(Pöllänen et al., 2013) observed a similar trend, finding that mechanical properties 
increased with the nanoclay content while crystallinity remained unchanged in 
HDPE/nanoclay composites. The enhancement of mechanical properties is prevalent in 
nanocomposites with rigid nano particles acting as reinforcement (Attari et al., 2015; 
Pöllänen et al., 2013). Kojima et al. (Kojima et al., 1993) described that the improved 
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mechanical properties were resulted from the constraint in the mobility of polymer chains 
around the clay particles. Hence, it can be concluded that the presence of nanoclay and 
confined molecular chains have greater effect on the mechanical properties than the effect 
of crystallinity in PCNs. A substantial increase in elastic modulus and yield strength was 
detected by adding 2-wt% nanoclay and then the properties were leveling out.  The only 
exception is P25R75 blend which exhibits a slight decrease with 6-wt% nanoclay.  
 
 
Table 6: Percent crystallinity and mechanical properties of tested materials 
Blends Clay content 
(%) 
Crystallinity 
(%) 
Elastic Modulus 
(MPa) 
Yield Stress 
(MPa) 
P100 0 67.2 ± 1.3 869.3 ± 15.7 13.0 ± 0.2 
2 69.4 ± 2.5 937.7 ± 3.1 14.1 ± 0.0 
4 66.2 ± 0.1 981.1 ± 9.3 14.7 ± 0.1 
6 63.5 ± 1.7 997.3 ± 24.0 15.0 ± 0.4 
P75R25 0 68.3 ± 1.1 895.7 ± 25.8 13.4 ± 0.4 
2 70.2 ± 0.7 1002.4 ± 6.7 15.0 ± 0.1 
4 67.1 ± 0.2 1015.9 ± 21.6 15.2 ± 0.3 
6 64.3 ± 1.1 1021.0 ± 3.2 15.6 ± 0.2 
P50R50 0 68.8 ± 0.3 909.0 ± 12.4 13.6 ± 0.2 
2 67.1 ± 0.4 1048.9 ± 21.4 15.7 ± 0.3 
4 67.9 ± 1.1 1069.3 ± 7.7 16.0 ± 0.1 
6 67.9 ± 0.7 1091.3 ± 15.6 16.4 ± 0.2 
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P25R75 0 71.7 ± 1.1 930.2 ± 10.6 14.0 ± 0.2 
2 68.7 ± 1.2 1081.6 ± 13.8 16.2 ± 0.2 
4 65.4 ± 1.5 1077.4 ± 4.6 16.2 ± 0.1 
6 64.9 ± 0.9 1061.6 ± 4.6 15.9 ± 0.1 
 
 
3.3 EWF test results 
The DENT specimen with the height of 100 mm, thickness of 8.5 mm and width 
of 40 mm was prepared for the EWF test to evaluate the plane-strain fracture properties 
(Na et al., 2015). The pre-notch was made by a fine saw with a thickness of 0.9 mm. 
Subsequently, a sharp notch was accomplished by pushing a razor blade from the pre-
notch tip to a target ligament length. The target ligament lengths were restricted to less 
than the thickness of the specimen, varying from 0.2t (1.7mm) to 0.8t (6.8mm) to ensure 
the failure in a plane-strain condition. The EWF test was conducted by applying a tensile 
displacement at a cross-head speed of 5 mm/min.  
 
3.3.1 Mode of failure 
For each material, a series of EWF tests was performed on specimens with 
different ligament lengths that varied from 1.7 mm to 6.8 mm. The results of these tests 
subsequently generated a set of load-displacement curves (Figure 41a and b); Figure 41a 
shows a set of the ductile failure curves and Figure 41b depicts the brittle failure curves. 
The ductile failure exhibited a gradual load decrease after the peak, while an abrupt 
vertical drop in the load can be detected in the brittle failure. Similar brittle failure 
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behavior in the EWF test was also detected in other thermoplastic nanocomposites, such 
as PP/clay nanocomposites (Bureau et al., 2006), polyactic acid (PLA)/thermoplastic 
starch (TPS)/montmorillonite (Arroyo et al., 2010), and polycarbonate and 
PP/multiwalled carbon nanotube (MWNT) (Mouzakis et al., 2013; Satapathy et al., 2005, 
2007). 
The load-displacement curves of P100 and P25R75 nanocomposites at the 
ligament length of 4.13  0.20 mm were selected and plotted in Figure 41c and d to 
demonstrate the transition of the failure modes with respect to the nanoclay content. 
Samples without nanoclay showed a ductile failure, but increasing the nanoclay content 
changed the profile of load-displacement curves from ductile to brittle. Also the peak 
failure load and displacement decreased as the nanoclay content increased. Figure 41c 
indicates that a ductile-to-brittle (DtB) transition appeared at nanoclay content between 4-
wt% (ductile) and 6-wt% (brittle) for pristine HDPE nanocomposites. For the P25R75 
nanocomposites, the transition took place in less than 2-wt% of nanoclay (Figure 41d). 
It was demonstrated that adding the bottle graded recycled HDPE to the pristine 
HDPE resin promoted brittle failure due to the increase in crystallinity and decrease in 
crack tip plasticity (Na et al., 2015). Incorporating a small amount of nanoclay seems 
further enhancing the embrittlement of the recycled blended materials. 
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(a) 
 
 
(b) 
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(c) 
 
 
(d) 
Figure 41: Ductile and brittle failure mode in EWF test: (a) P100/4% and (b) P100/6%. 
Change in the profile of load-displacement curves with various concentration of nanoclay: 
(c) P100 with nanoclay and (d) P25R75 with nanoclay. 
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3.3.2 Specific EWF 
The plane-strain specific work of fracture, wf,B, of recycle-blended HDPE and 
PCNs was evaluated on the basis of the EWF concept by employing the energy 
partitioning method as illustrated in Figure 11. The displacement corresponding to the 
partitioning point (∆P) was identified as the greatest load dropping point by 
differentiating the load with respect to the displacement (Na et al., 2015). WB was the 
area under the load-displacement curve between 0 and ∆P, and wf,B was then obtained by 
normalizing WB with the ligament area of the test specimen. The wf,B value of each 
material was determined and plotted against the corresponding ligament length, as seen in 
Figure 42. The result shows that wf,B linearly decreased with the ligament length. The y-
intercept represents we,B and the slope of the regression line corresponds to the specific 
non-EWF (βBwp,B), as according to Eqn. (10). The we,B values with the 95% CI are 
reported in Table 7. The 95% confidence interval (CI) of the regression line for each 
material was calculated using Student’s t-distribution method. It should note that a large 
slope of a regression line tends to produce a large standard variation at y-intercept. 
Therefore, P100 and P75R25 materials show a relatively large variation in we,B.  
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(a) 
 
 
(b) 
 
83 
 
 
(c) 
 
 
(d) 
Figure 42: Specific work of fracture versus ligament length: (a) P100, (b) P75R25, (c) 
P50R50 and (d) P25R75 
 
 
The statistical data indicate that adding 2-wt% nanoclay to the pristine HDPE 
greatly decreased we,B while no further reduction was detected at the higher 
concentrations. On the contrary, there was no significant change of we,B value between 0-
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wt% and 2-wt% of nanoclay in the recycle-blended nanocomposites; instead, a decrease 
was detected at 4-wt% nanoclay. Further increase in the nanoclay content brought a 
moderate decrease in the we,B value. Additionally, a noticeable difference in the failure 
mode was observed between the pristine HDPE and recycle-blended HDPE with 2-wt% 
of nanoclay materials. The P100/2% failed in a ductile mode, possessing a stable crack 
growth, whereas all three recycle-blended HDPE/2% materials exhibited a brittle failure. 
The failure mechanism that manifested the ductile and brittle failure modes will be 
investigated based on the fracture morphology in the later section.  
 
3.3.3 Specific Non-EWF 
The specific non-EWF, βBwp,B, was obtained through the slope of the linear 
regression line in the wf,B vs. l plot (Figure 42). The βBwp,B values with the 95% CI are 
shown in Table 7. Incorporating nanoclay drastically decreased the βBwp,B value. For the 
pristine HDPE, the βBwp,B value decreased exponentially as the nanoclay content 
increased. In contrast, the βBwp,B, values decreased greatly by adding 2-wt% of nanoclay 
to the recycle-blended HDPE but no changes were measured at 4-wt% and 6-wt% of 
nanoclay. Additionally, the βBwp,B value of 6-wt% of nanoclay in both pristine and 
recycle-blends converged to a similar value.  
The specific non-EWF value signifies the quantitative measurement of the plastic 
deformation capability at the crack-tip, which can be correlated to the fracture ductility 
(Bureau et al., 2006; Dayma et al., 2012). By correlating βBwp,B with the failure mode of 
EWF tests defined by the profile of load-displacement curves in Figure 41c and d, it can 
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be found that ductile failure occurred when the βBwp,B value is greater than 1.11 whereas 
brittle failure was observed in values less than 0.75. 
Using the βBwp,B value to indicate the failure modes can be also validated by the 
ductility level (DL), which was introduced by Martinez et al. (Martinez et al., 2009). DL is 
expressed as, 
 
 𝐷𝐿 =
𝑑𝑟
𝑙
 (16) 
 
where l is ligament length and dr is the displacement at break in a load-displacement 
curve. A low DL represents a small crack-tip plasticity which leads to a brittle failure, 
whereas a high DL reflects blunting and necking at the crack-tip leading to a ductile 
failure. For the energy partitioning method using a thick specimen, as in this study, dr in 
Eqn. (16) was replaced with the displacement corresponding to the energy partitioning 
point (∆P) (Na et al., 2015). The calculated DL for tested materials are tabulated in Table 
7, showing that DL is proportional with βBwp,B.  
 
 
Table 7: Plane-strain EWF parameters and associated failure mode for nanocomposites of 
pristine HDPE and recycled HDPE blends  
Blends Nanoclay 
content (%) 
we,B 
(kJ/m
2
) 
βBwp,B 
(MJ/m
3
) 
R
2
 DL Failure 
mode 
P100 0 7.51 ± 5.33 3.84 ± 1.18 0.89 0.311 Ductile 
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2 3.04 ± 1.02 1.92 ± 0.24 0.99 0.208 Ductile 
4 2.40 ± 1.55 1.18 ± 0.36 0.91 0.164 Ductile 
6 2.46 ± 1.45 0.53 ± 0.30 0.81 0.106 Brittle 
P75R25 0 5.72 ± 3.25 2.25 ± 0.69 0.91 0.212 Ductile 
2 5.75 ± 1.02 0.36 ± 0.20 0.81 0.134 Brittle 
4 3.01 ± 1.74 0.75 ± 0.36 0.94 0.127 Brittle 
6 2.84 ± 1.07 0.37 ± 0.23 0.77 0.104 Brittle 
P50R50 0 3.98 ± 1.31 1.43 ± 0.29 0.96 0.156 Ductile 
2 3.56 ± 0.82 0.40 ± 0.19 0.82 0.118 Brittle 
4 2.80 ± 1.13 0.40 ± 0.26 0.70 0.117 Brittle 
6 2.11 ± 0.84 0.49 ± 0.19 0.87 0.117 Brittle 
P25R75 0 2.84 ± 1.36 1.11 ± 0.31 0.93 0.148 Ductile 
2 2.88 ± 0.85 0.32 ± 0.21 0.71 0.113 Brittle 
4 1.45 ± 1.14 0.46 ± 0.26 0.80 0.091 Brittle 
6 1.32 ± 0.82 0.27 ± 0.19 0.72 0.104 Brittle 
 
 
3.4 Fractography 
The fracture surface of the failed specimens was examined using a scanning 
electron microscope (SEM). The fracture surface was coated by platinum prior to the 
SEM observation. A Zeiss Supra 50VP and FEI XL30 SEM were used at an accelerating 
voltage of 5 kV. 
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The topography of the fracture surface was characterized using a non-contact optical 
profilometer (Nanovea, ST 400 equipped with analytical software) The measurement was 
performed at room temperature, and an area of 7.5 x 7.5 mm which covers the entire 
fracture surface was scanned. The 3-D surface profile was constructed to quantify the 
surface roughness. 
 
3.4.1 SEM observation 
In the principle of the EWF concept, the specific EWF term corresponds to the 
surface-related fracture energy per unit area within the fracture process zone. Hence, the 
value of we,B can be correlated to the fracture morphology of tested DENT specimens. 
The micrographs in Figure 43 depict the fracture surfaces of P100 and P100/2-wt% 
materials. The morphology of P100 comprised of large coalesced voids together with 
highly stretched fibrils which were resulted from the breakdown of fibrils inside the craze 
as the crack propagates. Also the size of voids and fibrils were enlarging as the crack 
propagated due to expansion of the plastic zone at the crack-tip under increasing driving 
force (Figure 43a and b). Similar morphology was observed for specimens failed under 
the ductile crack growth mechanism. Adding 2-wt% of nanoclay drastically altered the 
fracture morphology. The void size was greatly reduced as the growth of fibrils was 
suppressed (Figure 43c and d), subsequently a lower we,B value was resulted.  
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(a) (b) 
 
  
(c) (d) 
Figure 43: Fracture surface morphology at two different magnification levels by SEM 
observation: (a) P100 at 15x, (b) P100 at 50x, (c) P100/2% at 50x and (d) P100/2% at 
500x. The marked area is where higher magnification of SEM was taken. 
 
 
For recycle-blended materials, the fracture morphology of P75R25 (Figure 44a) is 
similar to that of P100 (Figure 43a) reflecting a ductile crack growth mechanism. 
However, the fibril size decreased by replacing 25% pristine resin with recycled material. 
Comparing Figure 44c and d to a and b, the addition of 2-wt% nanoclay generated a 
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relatively small and uniform size of voids and fibrils throughout the entire fracture 
surface. Nanoclay addition diminishes the plastic yielding by reducing the mobility of 
polymer chains. It should note that the plastic yielding at the free surfaces (on the edges 
in x-plane in Figure 44a) was associated with the tail portion of the load-displacement 
curve (WN in Figure 11). The plastic yielding was not observed in P75R25/2% (Figure 
44c), and thus the fracture morphology of P75R25/2% corresponds to a brittle-type of 
failure.  
Another fractographic feature of PCN materials was a rough appearance of the 
fracture surface. The degree of roughness apparently increased with the amount of 
nanoclay as can be seen in Figure 44c, e and f. Similar morphological changes in PCNs 
were also observed by other researchers (Liu et al., 2004; L. Wang et al., 2006; Zerda & 
Lesser, 2001). They suggested that the surface roughness was resulted from the tortuosity 
of the crack path and the formation of multiple fracture planes which was caused by 
nanoclay particles acting as micro-crack initiations.  
 
 
  
(a) (b) 
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(c) (d) 
 
  
(e) (f) 
Figure 44: Fracture surface morphology: (a) P75R25 at 14x, (b) P75R25 at 500x, (c) 
P75R25/2% at 15x, (d) P75R25/2% at 500x, (e) P75R25/4% at 15x and (f) P75R25/6% at 
15x. The marked area is where higher magnification of SEM was taken. 
 
 
For the sample containing 75-wt% of recycled HDPE (P25R75), the fracture 
surface is depicted in Figure 45a and revealed less global plastic deformation in 
comparison to P75R25 in Figure 44a, and the fibril size was also smaller in P25R75 
(comparing Figure 45b and Figure 44b). The plastic yielding can still be observed at the 
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free surfaces and along the middle of thickness of the specimen. It seems that P25R75 
possessed a similar ductile failure mode as P75R25. The addition of 2-wt% nanoclay 
generated a similar morphological transformation as P75R25, producing multiple fracture 
planes and textured surface (Figure 45c).  
 
 
  
(a) (b) 
 
  
(c) (d) 
Figure 45: Fracture surface morphology of P25R75 and P25R75/2% materials: (a) 
P25R75 at 20X and (b) at 500x. (c) P25R75/2% at 20x and (d) at 3000x. The marked area 
is where the higher magnification SEM were taken.  
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The fracture surfaces of 4-wt% and 6-wt% recycled blended nanocomposite 
samples consisted of two types of morphologies: fibrous surface (region A in Figure 46a) 
and featureless brittle cleavage (region B). In region A, torn fibrils were observed (Figure 
46b) and their sizes are smaller than those of 2-wt% nanoclay sample (Figure 45d), but 
they are much larger than the micro-size fibers covering the featureless cleavage surface 
(Figure 46c). The heterogeneous fracture morphology reflected a complex fracture 
mechanism in these two recycled blended samples. Chen et al. (L. Chen et al., 2003) also 
observed a morphological transition from a fibrous to brittle cleavage surface in 
polypropylene/nanoclay composite. From a fracture energy perspective, energy required 
to create fracture surface possessing a fibrous morphology should be higher than that 
without fibrils since fibrils acted as reinforcement bridging between the two failure 
surfaces. Hence, the appearing of featureless cleavage surface, which required less energy 
to be generated, could be the reason for the decrease in we,B from 2- to 4-wt% in PCNs 
(Table 7). The micrograph at a higher magnification reveals that some voids were formed 
at clay agglomerates as indicated in Figure 46b. These large clay agglomerates acted as 
stress concentration and led to the decrease of we,B (Bureau et al., 2004; Bureau et al., 
2006).  
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(a) 
 
  
(b) (c) 
Figure 46: Fracture surface morphology of P25R75/4%: (a) overall fracture surface 
including the fibrous surface (A) and featureless brittle cleavage (B) at low magnification 
level, (b) and (c) region (A) and (B) at high magnification, respectively 
 
 
3.4.2 Surface roughness characterization 
The level of roughness observed on the fracture surfaces of P50R50 with 2, 4 and 
6-wt% of nanoclay was evaluated using an optical profilometer. The 3D topographic 
images of the fracture surfaces are presented in Figure 47.  
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(a) 
 
 
(b) 
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(c) 
Figure 47: 3D fracture surface profiles of P50R50 with (a) 2-wt%, (b) 4-wt% and (c) 6-wt% 
of nanoclay 
 
 
The difference in the height of various fracture profile across the surface is 
represented by a color chart. The color spectrum varies from dark blue to light red, 
representing a height range from 0 to 3.5 mm. For P50R50/2% in Figure 47a, the height 
difference was approximately 1 mm with relatively consistent color across the fracture 
surface whereas the difference was greater than 1.5 mm for the P50R50/4% with mixture 
of blue and yellow colors in Figure 47b. Adding 6-wt% of nanoclay produced the greatest 
height difference in the range of 2 mm (Figure 47c).   
The surface roughness was calculated using the software accompanied with the 
apparatus. The method is based on the average of the absolute values of the height in the 
measured area (x-y plane in Fig. 8). The surface roughness is determined by the 
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arithmetical mean height, Sa, as described in ISO 25178 (ISO 25178-2:2012, 2012), and 
is expressed in Eqn. (17), 
 
 
𝑆𝑎 =
1
𝐴
∬|𝑧(𝑥, 𝑦)|𝑑𝑥𝑑𝑦 
(17) 
 
where z is the height of the surface and A is the definition area. Table 8 provides the 
surface roughness values with respect to the nanoclay content. Results indicate that the 
surface roughness increased as the nanoclay content increased. 
 
Table 8: Surface roughness of P50R50 with 2, 4 and 6-wt% of nanoclay 
Nanoclay content (%) 2 4 6 
Surface roughness, Sa (mm) 0.499 0.563 0.662 
 
 
3.5 Discussion 
The plane-strain fracture behavior of tested materials was evaluated using the 
EWF concept. The two sets of load-displacement curves shown in Figure 41a and b 
conformed to the criteria of the EWF concept by first satisfying the self-similarity with 
different ligament lengths, implying that the failure mechanism (ductile or brittle) is 
independent of the ligament length. Also a plastic yielding appearing immediately after 
the peak load was observed in both ductile and brittle failure, although the magnitude of 
the yielding varies greatly between these two failure modes. Also the linear relationship 
of wf,B vs. l (as can be seen in Figure 42) further confirmed the applicability of the EWF 
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concept. Therefore, the change in we,B and βBwp,B with respect to the nanoclay and 
recycled HDPE content was applied to analyze their effect on the plane-strain fracture 
behavior. 
Adding either recycled HDPE or nanoclay decreases the ductility of the pristine 
HDPE by restricting the extension of the plastic zone at the crack-tip. For the 
nanocomposites, the high aspect ratio of nanoclay platelets hinders the plastic 
deformability of the adjacent polymer matrix by confining the movement of polymer 
chains. The localized yielding near the crack-tip leads to unstable and rapid crack 
propagation, causing an abrupt load-drop in the load-displacement curve (Figure 41b). As 
a result, most of the fracture energy in brittle failure is associated with the creation of the 
fracture surface (we,B) and only a small fraction of the energy is dissipated by the 
deformation in bulk material (βBwp,B). 
Fracture morphology revealed that the fibril structure was strongly related to we,B; 
larger fibrils led to a higher we,B values. However, the results showed a relatively 
consistent we,B value between 0 and 2-wt% of nanoclay in recycled blended materials 
even though their fibril sizes are noticeable different (see Figure 44b, d, Figure 45b and 
d). This rises an suspicion that we,B may be enhanced by other factors in the nanoclay 
composites. Adding 2-wt% of nanoclay to recycle-blends caused a transition in the 
fracture morphology from a flat plane covered by torn fibrils (Figure 45a) to a rough 
textured surface (Figure 45c). The formation of rough surfaces demanded energy to 
create the multiple fracture planes, and thus raised the we,B value in the brittle-types of 
failures. 
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The relationship between failure modes and we,B is illustrated in Figure 48. For 
clarity, P75R25 samples with and without nanoclay were selected and plotted. Materials 
without nanoclay (P75R25), which failed under ductile crack growth, possessed a steep 
slope whereas PCNs (P75R25/2%) exhibiting brittle-types of failures presented a shallow 
slope. In ductile-types of failures, we,B contributed to the formation of fibril structure. The 
we,B decreases with fibril size. In the brittle failure, the fracture surface roughness can 
also enhance we,B, as described above. As a result, recycled materials with 0 and 2-wt% 
of nanoclay exhibited a relatively similar we,B values despite the difference in the fibril 
sizes.   
 
 
 
Figure 48: Schematic drawing of the roughness effect on we,B. The plot is not to scale. 
 
 
Figure 49 summarizes the changes of fracture morphologies in terms of nanoclay 
and recycled contents. As described in the previous section, the failure mode can be 
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correlated with βBwp,B as shown in Table 7. The brittle failures were observed in the 
βBwp,B values less than 0.75 and the ductile failures occurred in values greater than 1.11. 
Therefore, 0.75 was defined as the upper bound limit for the brittle failure and 1.11 was 
the lower bound of ductile failure. The two dotted boundary lines in Figure 49 were 
constructed based on an interpolation between the known βBwp,B values. For example, 
βBwp,B values of P75R25 and P75R25/2% are 2.25 (ductile) and 0.36 (brittle), 
respectively. The straight line linking these two values intersected with the upper and 
lower bounds at 1.6 and 1.2-wt% of nanoclay, respectively.  It also implies that adding 
1.2 to 1.6 wt% of nanoclay could cause a brittle failure in a EWF test. As a result, the 
failure transition map could provide a potential failure mode and mechanism for pristine 
and recycled blended HDPE nanoclay composites. 
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Figure 49: Transition map illustrating the potential failure mode and associated changes 
in fracture morphology with respect to the wt% content of recycled and nanoclay in a 
HDPE pristine resin. 
 
 
3.6 Conclusion 
The effects of the recycled HDPE and nanoclay on the plane-strain fracture 
behavior were investigated using the energy partitioning EWF concept. Adding 6-wt% of 
nanoclay to pristine HDPE and 2-wt% to recycled blends substantially decreased the 
βBwp,B values and signified a transition from ductile to brittle type of failure. The fracture 
morphology corresponding to each failure mode was examined and correlated to the we,B 
value. In a ductile failure (βBwp,B  > 1.11), the fracture surface was covered by the fibril 
structures due to the failure of craze. A diminishing in fibril sizes was observed as the 
nanoclay and recycled content increased in pristine HDPE, and subsequently lowered the 
we,B. On the other hand, a rough fracture surface was revealed in specimens failed in a 
brittle mode (βBwp,B < 0.75). The surface roughness which increased with nanoclay 
content enhanced the we,B value by creating multiple cleavage planes. As a result, the 
increased surface roughness compensated for a loss of we,B caused by the decreased fibrils 
at 2-wt% of nanoclay in recycle-blends and thus, a constant we,B value was measured. 
However, adding more than 2-wt% nanoclay significantly decreased the we,B value, 
suggesting that 2-wt% is the maximum limit of the nanoclay content in the tested recycle-
blends. A transition map was constructed based on the correlation between failure mode 
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and βBwp,B to illustrate the potential failure mode and the associated changes in fracture 
morphology based on the tested materials.  
Although incorporating nanoclay is known to enhance basic engineering 
properties of the polymer, it can also compromise the fracture property particularly at 
high nanoclay content. Therefore, the results of this study indicate that using nanoclay as 
reinforcement in either pristine HDPE or recycled HDPE blends should be thoroughly 
examined when the fracture toughness is the essential required parameter in the 
application.  
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CHAPTER 4: LONG-TERM STRESS CRACK RESISTANCE OF 
PRISTINE/RECYCLED HDPE BLENDS WITH NANOCLAY COMPOSITES 
4.1 Introduction 
This chapter focuses on the long-term stress cracking resistance (SCR) of 
pristine/recycled HDPE blends with and without nanoclay. HDPE is commonly used for 
a pipeline system due to its high mechanical strength, chemical and corrosion resistance. 
However, the high risk of failure caused by stress cracking still remains as a challenge for 
the long-term performance of HDPE pipes. The stress cracking occurs at a relatively low 
stress level and a long time condition. A crack can be initiated and grow from a small 
inherent defect that is generally produced during the manufacturing and/or installation 
process.  
A rigorous assessment of SCR must be therefore preceded for the application of 
test materials in a pipeline system. It should be noted that the fracture toughness cannot 
be used as an indicator of the long-term cracking resistance of a material. The fracture 
toughness is evaluated by the rapid mechanical testing that applies a higher stress than a 
material yield stress. Hence, the fracture toughness only represents the short-term or 
time-independent fracture resistance of a material. On the other hand, the long-term 
failure of HDPE is mainly caused by the SCG mechanism that occurs under a 
combination of a lower stress level than a yield point, a plane-strain condition and a long 
period of time. Therefore, a different approach is required to assess the effect on the long-
term performance of adding recycled HDPE and nanoclay to pristine HDPE. 
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In this study, the long-term failure behavior of test materials was investigated by 
means of the Notched Constant Ligament Stress (NCLS) test. The test data is 
conventionally analyzed by using load parameters such as applied stress or stress 
intensity factor K against failure time. This conventional approach defined the stress 
cracking behavior as two failure mechanisms: creep and SCG. However, those load 
parameters do not account for the nonlinear elastic-plastic strain field at a crack-tip. By 
applying the J-integral analysis instead of K, a unique empirical correlation integrating 
the short-term failure (i.e., fracture toughness) with long-term stress cracking (i.e., SCG) 
was established in this study.  
 
4.2 Experimental work 
4.2.1 Stress crack resistance (SCR) test 
The SCR property was evaluated using the Notched Constant Ligament Stress 
(NCLS) test according to ASTM F 2136 (ASTM F2136, 2008). The dumbbell-shape 
specimens with dimensions of 3.175 mm wide (W) x 2 mm thick (t) x 63.5 mm long (L), 
were die out from the 2-mm thick compression molded plaque. Each test specimen was 
notched to a depth of 20% of the specimen thickness (i.e., 0.4 mm) using a razor blade, as 
illustrated in Figure 50a. The notched specimens were then fixed onto the test modules 
and the modules were immersed into a distilled water bath at a temperature of either 30°C 
or 70°C to accerlerate the failure (Figure 50b). At the testing temperature of 30
o
C, 
stresses from 15 to 22 MPa were applied to achieve ductil failures within measurable 
times. For tests carrying out at 70
o
C, stresses from 1.4 to 9 MPa were applied to capture 
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the brittle failures. The failure time was recorded to the accuracy of ±1.0 second for 
ductile failures and ±0.1 hour for brittle failures. 
The effect of recycled HDPE on the SCR of pristine HDPE resin was assessed by 
testing samples of P75R25, P50R50 and P25R75, whereas the influence of nanoclay on 
the recycled blended HDPE materials was investigated by testing P25R75 with 2-, 4- and 
6-wt% of nanoclay. 
 
 
Figure 50: Schematic drawing of SCR testing method: (a) notched specimen and (b) 
experimental setup 
 
4.3 SCR Test Data 
The experimental data of SCR tests for recycle-blends were presented by plotting 
the logarithmic applied stress against the logarithmic failure time in Figure 51. The test 
data are separated in accordance to the testing temperatures, 30 and 70°C which are 
higher than the laboratory ambient temperature (23°C) at which the uniaxial tensile test 
and the essential work of fracture (EWF) test were conducted (Na et al., 2015, 2016). The 
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SCR test data were extrapolated to generate a single ductile-to-brittle failure curve at 
23°C using Popelar’s shift method and rate process method. 
 
 
 
Figure 51: Raw data of SCR test at two testing temperatures 
 
 
4.3.1 Popelar’s shifting method 
Popelar et al. (C. F. Popelar et al., 1990; C. H. Popelar et al., 1991) developed a 
bidirectional shifting method based on testing results of numeous MDPE and HDPE gas 
pipe materials at temperatures ranging from 23ºC to 96ºC. They found that the test data at 
a specific temperature T on a log stress-log failure time axes can be bidirectionally 
correlated with the data at a reference temperature TR using horizontal and vertical shift 
factors, which were expressed in Eqn. (18) and (19), respectively, and graphically 
illustrated in Figure 52. The horizontal shifting was achieved by the time-temperature 
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superposition principle while the vertical shifting was related with the effect of 
temperature on crystallinity of semicrystalline PE. Each shif factor is expressed as, 
 
 
 𝑎𝑇 = 𝑒𝑥𝑝[−0.109(𝑇 − 𝑇𝑅)] (18) 
 
 𝑏𝑇 = 𝑒𝑥𝑝[0.0116(𝑇 − 𝑇𝑅)] (19) 
                                                                                                   
where aT is the horizontal shift function corresponding to time and bT is the vertical shift 
function correlated with stress. T and TR are the test and the reference (target) temperature 
in ºC, respectively.  
 
 
 
Figure 52: Popelar’s bidirectional shifting method 
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4.3.2 Rate process method 
The rate process method (RPM), was evolved from the Arrhenius principle of 
time-temperature superposition, and has been widely used to extrapolate SCR test data to 
predict service life of thermoplastic materials. The method was standadized in ASTM 
D2837 (ASTM D2837, 2013). RPM consists of a three-coefficient equation expressing 
the relationship between stress and failure time with respect to temperature. The general 
form of the RPM equation is written as, 
 
 log 𝑡 = 𝐴 +
𝐵
𝑇
+
𝐶𝑙𝑜𝑔𝜎
𝑇
 (20) 
 
where t is failure time (hours), σ is applied stress (psi), and T is test temperature (K). The 
three constants, A, B and C can be experimentally obtained by testing at multiple 
temperatures.  
  
4.3.3 Comparing predicted data from PSM and RPM 
The comparison was performed using test data in the brittle failure region of the 
SCR curves. Samples P25R75 with 2-, 4- and 6-wt% of nanoclay were used in the 
evaluation. For PSM, test data at applied stresses from 1.5 to 3.3 MPa were shifted from 
the test temperature (70ºC) to the reference temperature (23ºC) using Eqn. (18) and (19).  
The three constants of RPM in Eqn. (20) for test materials were determined by 
conducting additional tests at 70 and 80ºC. An applied stress of 1.7 MPa was tested at 
70ºC, and 1.5 and 1.7 MPa were used at 80ºC. Five replicates were tested at each test 
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condition. The obtained constants are listed in Table 9, and the predicted curve at 23ºC 
was generated together with the 95% lower confidence interval, as shown in Figure 53. 
The inhomogeneous distribution of nanoclay particles in the polymer matrix can 
cause variability in the SCR test results, and thus produced a discrepancy between PSM 
and RPM. However, Figure 53a and c show that the two predicted curves from PSM and 
RPM for P25R75/2% and P25R75/6% were in good agreement with each other. For 
P25R75/4% shown in Figure 53b, PSM tended to underpredict the failure times in 
comparing to the mean failure time of RPM. Nonetheless, the predicted PSM data of 
P25R75/4% fell between the 95% confidence interval and mean value of RPM, 
suggesting that both PSM and RPM produced comparable results for test materials. 
The advantage of the use of PSM is that it can directly shift the SCR test data 
from a single test temperature, while RPM requires for multiple testing temperatures to 
obtain the constants in Eqn. (20). Since the prediction from the two methods was 
reasonably similar, PSM was applied to predict the failure time at 23
o
C for all tested 
materials. 
 
Table 9: RPM constants for each material 
Material A B C 
P25R75/2% -23.39 -23.36 -24.05 
P25R75/4% 13432.94 12185.03 13662.25 
P25R75/6% -1938.82 -1400.67 -1936.16 
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(a) 
 
 
(b) 
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(c) 
Figure 53: Comparison of PSM and RPM: (a) P25R75/2%, (b) P25R75/4% and (c) 
P25R75/6% 
 
4.3.4 Linear Elastic Fracture Mechanics (LEFM) analysis 
In analyzing of the SCR test data, the load parameter can be expressed by stress 
intensity factor K, assuming that the plastic zone ahead of the crack-tip is surrounded by a 
linear elastic crack-tip field and the crack-tip condition can be characterized by a single 
parameter K. K represents the amplitude of the crack-tip singulariry, which is governed 
by the loading condition and the crack-tip geometry. In mode I fracture, K is expressed as 
 
 
 𝐾𝐼 = 𝐹(𝑎 𝑏⁄ )𝜎𝑁√𝜋𝑎 (21) 
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where F(a/b) is the specimen geometry factor defined by the crack-width ratio, and σN is 
the nominal applied stress.  For the single-edge notched tension (SENT) specimen, the 
geometry factor F(a/b) (Tada et al., 2000) is given as, 
 
 𝐹(𝑆𝐸𝑁𝑇) = 1.12 − 0.231 (
𝑎
𝑏
) + 10.55 (
𝑎
𝑏
)
2
− 21.72 (
𝑎
𝑏
)
3
+ 30.39 (
𝑎
𝑏
)
4
 (22) 
 
The SCR test data of recycle-blends at 23ºC was predicted using PSM, and the 
results were presented employing the stress intensity factor K, plotting the log-K against 
the log-failure time in Figure 54. The results show a bi-linear curve consisting of a 
shallow linear slope followed by a steeper linear slope. The shallow sloped region 
corresponded to a ductile failure in which creep is the governing failure mode. In contrast, 
the steeper sloped region represented a brittle failure mode resulting from SCG that 
occurred at lower stresses with longer failure times (N. Brown & Lu, 1995; Grace Hsuan, 
2000; Xici Lu & Brown, 1990). 
Increasing the recycled content transformed the transition region of the ductile-to-
brittle curve. Hsuan et al.(Hsuan et al., 1993) visually categorized the transition types as 
three different responses: overshoot, tri-linear and bi-linear. Figure 54a shows that higher 
content of pristine HDPE (P75R25) exhibited an overshoot type and increased failure 
times in the transition zone. However, increasing the recycled HDPE content diminished 
the “Nose” appearance and changed the transition type to a bi-linear. 
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(a) (b) 
Figure 54: (a) log K versus log failure time and (b) SCG region 
 
 
Comparing the SCG regions of the curves (Figure 54b), failure times decreased as 
recycled content increased in the pristine/recycled blends. For example, increasing the 
recycled content from 25% to 50% decreased the failure time by approximately 70% at 
the same K condition (0.2 MPa∙m1/2). Further increase in recycled content to 75% 
(P25R75) reduced the failure time by 82% comparing to the 25% recycled blended 
material (P75R25). However, it was also observed that the change of the recycled content 
had minimal effect on the slope of SCG. 
Figure 55 shows the log-log plots of K versus the failure time of three PCN 
materials.  The nanoclay-reinforced recycle-blends exhibited similar bi-linear failure 
curve profiles as those from the recycle-blends without nanoclay in Figure 54a. Thus, the 
failure mechanism of PCN materials was also dependent on the loading condition (i.e., 
creep failure at high K level whereas SCG failure at low K level). Nanoclay from 2- to 6-
wt% was incorporated into the P25R75 blend to assess the effect of the nanoclay 
concentration. Figure 55a and b show that failure time increased with increasing nanoclay 
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content. Incorporating nanoclay also made the slope of the SCG failure curve less steep, 
suggesting that the difference between failure times of the unreinforced and nanoclay-
reinforced blends would become more significant as the K level decreased. Samples of 
different recycled contents with 2-wt% of nanoclay were also tested, and the results are 
plotted in Figure 55c and d. The results exhibit that 2-wt% of nanoclay noticeably 
increased the failure time by 2.8 and 2.4 times in the SCG failure region. 
 
 
 
(a) (b) 
 
 
(c) (d) 
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Figure 55: Log K versus log failure time: (a) P25R75 with 2-, 4- and 6-wt%, (b) SCG 
region, (c) P75R25 with 2-wt% and (d) P50R50 with 2-wt% 
 
 
4.3.5 Elastic-Plastic Fracture Mechanics (EPFM) analysis 
HDPE is a nonlinear elastic-plastic material whose engineering stress-strain curve 
showed a nonlinear behavior up to the maximum stress at a strain of approximately 10% 
(Na et al., 2015). Even for a small strain (1.5%), the stress-strain response is slightly 
nonlinear although it was assumed as a linear for the elastic-plastic model in this study. 
The degree of nonlinearity highly influences on the characterization of the crack-tip. 
Thus, the J-integral parameter has been suggested to be a more appropriate parameter 
than K in the evaluation of fracture behavior for PE materials (Bassani et al., 1988; Xici 
Lu et al., 1989). For an elastic-plastic material, the J-integral is determined by a 
combination of the linear elastic component J
e
 and the fully plastic component J
p
, as 
expressed in Eqn. (23), 
 
 𝐽 = 𝐽𝑒 + 𝐽𝑝 (23) 
 
The linear elastic component J
e
 is computed from the linear elastic stress intensity K, and 
the relationship between J
e
 and K is written as, 
 
 𝐽𝑒 =
𝐾2
𝐸′
 (24) 
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where E’=E for plane stress and E’=E/(1-ν) for plane strain. ν is Poisson’s ratio that was 
assumed as 0.35 for PE (Bliznakov et al., 2000; Janko et al., 2012; Na et al., 2015).  
The fully plastic component J
p
 is dependent on the degree of nonlinearity of a 
material that can be described by the Ramberg-Osgood equation, 
 
 
𝜀
𝜀0
=
𝜎
𝜎0
+ 𝛼 (
𝜎
𝜎0
)
𝑛
 (25) 
 
where σ0 and ε0 are typically equal to the yield stress and the corresponding strain, 
respectively, in the elastic-plastic model. α is dimensionless constant and n is strain-
hardening exponent both of which were obtained by fitting equation (8) to the 
experimental stress-strain tensile test data. The constants obtained from the Ramberg-
Osgood equation for recycle blends and PCNs are shown in Table 10. 
 
 
Table 10: Ramberg-Osgood constants for recycled HDPE blends and PCNs 
Material α n 
P75R25 0.0115 10.49 
P75R25/2% 0.0065 12.80 
P50R50 0.0116 10.61 
P50R50/2% 0.0072 12.93 
P25R75 0.0117 10.86 
P25R75/2% 0.0072 12.77 
P25R75/4% 0.0074 12.92 
P25R75/6% 0.0099 12.03 
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The estimation of the fully plastic component of J (i.e., J
p
) with respect to various 
loading conditions and specimen geometries were given by the Electric Power Research 
Institute (EPRI) handbook (Kumar et al., 1981). For the geometry of the SENT specimen, 
J
p
 is determined by the following expression, 
 
 𝐽𝑝 = 𝛼𝜎0𝜀0𝑐 (
𝑎
𝑏
) ℎ(𝑎/𝑏, 𝑛) (
𝑃
𝑃0
)
𝑛+1
 (26) 
 
c denotes the un-cracked ligament length. Values of h(a/b, n) are provided in the 
handbook for conditions of a/b = 1/8, 1/4, 3/8, 1/2, 5/8, 7/8 and n = 1, 2, 3, 5, 7, 10, 13, 
16, 20. All specimens tested in this study have the same notch-width ratio, a/b = 1/5. The 
α and n values can refer to the Ramberg-Osgood constants listed in Table 10. By taking 
these constants, h(a/b, n) values of each test material were identified. P is the applied 
load per unit thickness and P0 is the reference load per unit thickness related to the yield 
stress, which is given by, 
 
 𝑃0 = 1.455𝜂𝑐𝜎0 ; plane strain (27) 
                                                
 𝑃0 = 1.071𝜂𝑐𝜎0 ; plane stress (28) 
 
where η is defined as 
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 η = [1 + (
𝑎
𝑐
)
2
]
1 2⁄
−
𝑎
𝑐
 (29) 
 
Substituting the values for parameters α and n in Table 10 into Eqn. (26), the J-
integral values for recycle-blends and PCN materials associated with the failure times 
were calculated. The calculated J values for both a plane-strain and plane-stress condition 
are plotted against the failure time in Figure 56. At high applied stresses corresponding to 
high J values, the discrepancy between the two conditions was significant due to the 
difference of P0 in J
p
 (Eqn. (27) and (28)). 
 
 
 
(a) 
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(b) 
Figure 56: J-integral versus failure time: (a) P25R75 and (b) P25R75/2% 
 
 
The discrepancy became insignificant as the applied stress decreased, showing a 
convergence of two conditions. At high stresses, the crack-tip stress was much greater 
than the yield stress, leading to a substantial plastic deformation at the region. As a result, 
the plastic component (J
p
) was critical for the total J. However, as a stress decreased, the 
total J became more dominated by the linear elastic J (J
e
), as shown in Figure 57. This 
implies that expressing the entire stress cracking failure by K might not be appropriate 
since it ignored the plastic component, particularly at a high stress region. However, at 
low stress levels where the stress cracking was dominated by the SCG failure, J
e
 was 
nearly equal to the total J, suggesting that the SCG behavior can be characterized by K. 
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Figure 57: The contribution of linear elastic J
e
 to the total J with respect to failure time of 
P75R25 material 
 
 
4.3.6 Correlation between the plane-strain J and SCG 
The log plane-strain J versus the log failure time curve could be visually 
separated into four regions according to the different slopes (s) as illustrated in Figure 
58a. The region 1 corresponded to the short-term failure where the plastic J (J
p
) plays an 
important role in the total J (Figure 57). Under such condition, a plastic zone forms 
immediately ahead of the crack-tip when the notched specimen is subjected to a tensile 
load. Assuming the load is in a pure Mode 1 condition and the size of the plastic zone is 
embedded within the J-dominated zone, the crack-tip condition can be characterized by J. 
In the meantime, a small creep zone, which is similar to a plastic zone, also forms at the 
crack-tip and develops with time (Figure 58b). In the region I, the notched specimen 
failed shortly after being loaded. This implies that the crack growth rate was faster than 
the growth of the creep zone, while the creep zone remained small corresponding to a 
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small scale creep (SSC) condition. Hence, the crack-tip condition can be characterized by 
J. 
On the other hand, in the region II where J
e
 became essential, the lower stresses 
enabled the creep zone to grow with time and the creep zone eventually engulfed the 
entire ligament as illustrated in Figure 58b. In this condition, both the linear-elastic and 
the elastic-plastic fracture mechanics concepts are unavailable to characterize the crack-
tip condition in the presence of significant creep strain. Since regions I and II were 
governed by different fracture mechanisms, their slopes were expected to be different. 
The experimental data also confirmed that the slope changed where σN became less than 
σ0 (i.e., σN/σ0 ≤ 1) 
 
 
 
(a) 
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(b) 
Figure 58: J-failure time plot in the plane-strain condition: (a) experimental data for 
P50R50 and (b) schematic drawing of creep zone development (Saxena, 1998). 
 
 
The region III was consistent with the transition from the creep to SCG failure. A 
large plastic deformation resulted from macroscopic yielding governed the creep failure 
whereas a craze growing ahead of the crack-tip dominated the SCG failure. These two 
different mechanisms competed each other in the transition region (N. Brown et al., 
1987).   
The region IV is dominated by the SCG failure which occurred at much lower 
stresses, typically lower than 40% of the material yield stress. At such low stresses, the 
creep strain is very small. As a result, a SSC condition appeared at the crack-tip and can 
be characterized by the parameter J (Xici Lu et al., 1989).  
It is rational to associate the region I with region IV since the fracture behaviors 
in these two regions are characterized by the same parameter J under the assumption of a 
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plane-strain condition. Also the slopes (s) of the test data in the regions I and IV were 
found to be very similar, and they could be represented by a single regression line with a 
very high R
2
 value as shown in Figure 58a. The linear regression line integrating those 
two regions can be expressed as: 
 
 𝐽 = A𝑡𝑓
−𝑠 (30) 
 
where A is the regression constant and s is the slope of the line. tf denotes the failure time. 
The equation above implies that the plane-strain fracture toughness (Jc) could be also 
calculated once the corresponding failure time is known.  
The Jc values of recycle-blends and PCNs were determined using the EWF 
concept test in our previous study (Na et al., 2015, 2016). The plane-strain fracture 
energy was determined by applying the energy partitioning method (Kwon & Jar, 2007) 
that considered only the fracture energy in a brittle failure region by excluding the energy 
in the severe plastic deformation region, as illustrated in Figure 59. The energy 
partitioning method provided the testing time (tp) at which the brittle failure occurred. 
Thus, tp was taken to calculate the predicted Jc (Jpt) using Eqn. (30). The values of slope 
(s) and tp of test materials are listed in Table 11. In addition, the range of the Jpt and Jc 
values considering 95% confidence interval are reported in Table 11.  
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Figure 59: Energy partitioning method (WB: fracture energy within brittle failure and WN: 
fracture energy within necking region). 
 
 
Table 11: Comparison between the specific EWF and Jpt values for recycle blends and 
PCNs 
Material s R
2
 tp (min) Jpt (kJ/m
2
) Jc (kJ/m
2
) 
P75R25 0.289 0.99 0.19±0.04 3.35 – 4.99 2.47 – 8.97 
P75R25/2% 0.275 0.98 0.13±0.02 2.74 – 6.04 4.73 – 6.77 
P50R50 0.306 0.99 0.13±0.03 3.14 – 4.58 2.67 – 5.29 
P50R50/2% 0.291 0.99 0.10±0.02 2.33 – 3.41 2.74 – 4.38 
P25R75 0.289 0.99 0.12±0.02 1.48 – 2.54 1.48 – 4.20 
P25R75/2% 0.276 0.99 0.09±0.02 1.11 – 2.01 2.03 – 3.73 
P25R75/4% 0.272 0.99 0.07±0.01 1.07 – 1.85 0.31 – 2.59 
P25R75/6% 0.233 0.97 0.08±0.02 0.42 – 1.16 0.50 – 2.14 
 
 
It should note that the different testing methods to evaluate Jc and Jpt (i.e., EWF 
test for Jc and SCR test for Jpt) might cause a discrepancy between the two values of each 
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material. Nonetheless, the two values were comparable each other by having overlapping 
confidence intervals, as shown in Figure 60. To verify this conclusion, statistical 
significance of two values for each material was studied employing t-statistic. When two 
values are similar, the 95% confidence interval for the difference between them should be 
less than zero (Knezevic, 2008), as expressed in Equation (31), 
 
 (𝑥1 − 𝑥2) − 𝑡𝑐𝑟𝑖𝑡√𝑆𝐸1
2 + 𝑆𝐸2
2 > 0 (31) 
 
where x is the mean value and SE is the standard error. tcrit denotes the critical t-value for 
a 95% confidence interval, which is dependent on the degrees of freedom of the sample 
size. Table 12 shows the results of the statistical analysis. 
 
 
Figure 60: Overlapping 95% confidence intervals between Jc and Jpt 
 
Table 12: Statistical significance between Jc and Jpt 
Material x1 (Jc) x2 (Jpt) SE1 SE2 Eqn.(14) 
P75R25 5.72 4.17 1.327 0.366 -2.007 
125 
 
P75R25/2% 5.75 4.39 0.397 0.700 -0.993 
P50R50 3.98 3.84 0.534 0.401 -1.810 
P50R50/2% 3.56 2.87 0.346 0.229 -0.536 
P25R75 2.84 2.01 0.556 0.235 -0.839 
P25R75/2% 2.88 1.56 0.346 0.197 0.169 
P25R75/4% 1.45 1.46 0.444 0.151 -1.306 
P25R75/6% 1.32 0.79 0.321 0.149 -0.485 
 
 
Except for the P25R75/2% sample, the Jpt is statistically similar to the Jc. Since Jc 
and Jpt were obtained using two different test methods, a small discrepancy in one of the 
samples is considered to be acceptable. Therefore, the constant A in Eqn. (30) could be 
replaced by the plane-strain fracture toughness Jc once the failure time tf was normalized 
by tp (i.e., f = tf/tp), as shown in Eqn. (32). 
 
 𝐽 = 𝐽𝑐𝜏𝑓
−𝑠 (32) 
 
Rearranging the Eqn. (32) gave the relationship between Jc and the unit time (τf), 
 
 𝜏𝑓 = (
𝐽
𝐽𝑐
)
−1/𝑠
 (33) 
 
Table 11 and Figure 61a show that the slopes (s) are very similar for the three 
recycle-blended materials while the Jpt (or Jc) value decreased as the content increased. 
Thus, it can be concluded that the failure time of SCG in recycle-blends was governed by 
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Jc as illustrated in Figure 61b. On the other hand, adding nanoclay to recycle-blends 
caused considerable changes of both the slope and Jc. Table 11 and Figure 11 suggests 
that increasing nanoclay content steadily decreased the slope. This implies that adding 
nanoclay would lead to a longer failure time, particularly at low J condition even though 
it caused a decrease in Jc and failure time at the short-term failure region. 
 
 
 
(a) 
 
 
127 
 
(b) 
Figure 61: (a) Effect of recycled HDPE content on J-failure time response and (b) 
schematic drwaing of the effect 
 
 
(a) 
 
 
(b) 
Figure 62: Effect of nanoclay content on J-failure time behavior: (a) P25R75 with 2-, 4-, 
and 6-wt% nanoclay and (b) schematic drwaing of the effect 
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4.4 Discussion 
The SCR test results were analyzed using the J-integral approach to take into 
account the nonlinearity of the materials. A correlation between the short-term fracture 
toughness parameter Jc and SCG was subsequently established. A similar approach which 
predicted Jc by extrapolating the SCG data was reported by Zhou et al. (Zhou et al., 
1995). They numerically determined the relationship between tf and J in the SCG failure 
region employing LEFM under plane-stain conditions (i.e., J
e
). However, they did not 
consider the short-term failure region in which J
p
 became the governing parameter. This 
study integrating the short-term and SCG failure regions would provide more reliable 
relationship between Jc and SCG. 
The J-integral analysis revealed that the failure time in association with the SCG 
mechanism of recycle-blends was governed by Jc. An increase in recycled HDPE content 
lowered Jc, resulting in shortening the failure time of SCG as the slope is independent on 
the recycled content (Figure 61a and b). Adding and increasing the nanoclay content 
reduced Jc and subsequently decreased the failure times at high J values (i.e., the short-
term failure region); however, it also decreased the slope, and thus the failure times at 
low J values increased (Figure 62b). The cross over took place at applied stress of 2.3 
MPa for P25R75/6% while below than 1 MPa for 2- and 4-wt%. For P50R50 and 
P75R25 samples, adding 2-wt% nanoclay produced the cross over at 1.8 MPa and 15.8 
MPa, respectively, indicating that the effect of nanoclay is more pronounced for higher 
content of pristine HDPE. 
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Understanding the mechanism that causes change in the slope would gain insight 
into the effect of nanoclay on stress cracking behavior. Williams and Marshall (Williams 
& Marshall, 1975) proposed a relaxation-controlled growth theory that correlates the 
fracture initiation time (tB) in SCG and the corresponding stress intensity factor K in 
polymers. They found that tB is related with the time-dependent response of the craze 
zone stress (σc) and modulus (E) as expressed in Eqn. (34) if the time dependence of the 
relaxation stress and modulus can be represented by a power law in Eqn. (35) and (36), 
 
 𝑡𝐵~𝐾
−2/(𝑚+𝑛) (34) 
 
 𝜎𝑐(𝜏) = 𝜎0𝜏
−𝑚 (35) 
 
 𝐸(𝜏) = 𝐸0𝜏
−𝑛 (36) 
 
σ0 and E0 are the unit time values of the stress and modulus, respectively. The exponent 
parameters m and n are the time-dependent response of the yield stress and modulus. 
Both Eqn. (33) and (34) express the relationship between time and fracture 
parameter in a similar form. Thus, it could be assumed that the slope in Eqn. (33) is also 
related with the time-dependent response of a material. Zhong et al. (Zhong et al., 2005) 
and Wang et al. (K. Wang et al., 2006) reported that the stress relaxation of PCN system 
is dependent on the nanoclay-polymer interaction. The nanoclay confines the mobility of 
adjacent polymer molecular chains and hinders the relaxation of polymer. Therefore, 
PCN requires a longer relaxation time than unreinforced polymer at a given stress. 
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4.5 Conclusion 
The effect of nanoclay on the long-term stress cracking behavior of recycled 
HDPE blends was studied. The stress cracking property was evaluated by the NCLS test, 
and the test data were subsequently analyzed using the stress intensity factor K and the J-
integral. By applying the J-integral approach, a unique correlation integrating Jc and SCG 
was established under the assumption of a plane-strain condition. The results indicated 
that replacing pristine HDPE by recycled bottle grade HDPE reduced the short-term 
fracture toughness Jc and thus decreased failure times of SCG; such effect enhanced with 
the recycled content. On the other hand, incorporating nanoclay up to 6-wt% lowered the 
Jc value as well as the slope of the SCG failure curves, subsequently increased the failure 
time in the lower J region. Therefore, the nanoclay can be used as an additive to enhance 
the SCG resistance of recycled HDPE blended materials for pipe and other applications. 
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CHAPTER 5: DISCUSSION 
5.1 Justification of the approach correlating the fracture toughness with SCG 
In the previous chapter, the transition separating the region I and II in Figure 58a 
was experimentally determined and assumed where the applied stress approximately 
equals to the yield stress (i.e., σN/σ0 ≈ 1) since the creep behavior becomes more 
pronounced when applied stresses are lower than the yield stress of the material. The time 
corresponding to the transition can be also quantified by evaluating the time-dependent 
crack-tip parameter or creep crack growth (CCG) parameter C*.  The parameter C* was 
proposed by Landes and Begley (Landes & Begley, 1976), Ohji et al. (Ohji et al., 1976), 
and Nikbin et al. (Nikbin et al., 1976) to characterize crack growth in a material 
undergoing steady-state creep.  When a cracked body is subjected to a tensile load, a 
plastic zone near the crack-tip immediately develops.  Assuming the load is in a pure 
Mode I condition and the size of the plastic zone is embedded within the J-dominated 
zone, the crack-tip condition can be characterized by the time-independent parameter J.  
In the meantime, a small creep zone, which is analogous to a plastic zone, also forms at 
the crack-tip.  The creep zone develops with time, and eventually engulfs the entire 
ligament as illustrated in Figure 63.  For this condition, both linear-elastic fracture 
mechanics (LEFM) and elastic-plastic fracture mechanics (EPFM) concepts are 
unavailable to characterize crack growth in the presence of significant creep strain. Thus, 
the concept of time-dependent fracture mechanics (TDFM) employing a new parameter 
C* should be considered.  
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Figure 63: Schematic illustration of the development of creep zone (Saxena, 1998) 
 
 
The numerical solution for C* can be derived from the Equation (26) which is the 
numerical solution for estimating the fully-plastic J-integral values (J
P
). Substituting 
equation (27) into equation (26) and replacing αε0/σ0
n
 by A and n by m, the C* for the 
plane-strain condition can be estimated by (Saxena, 1998): 
 
 𝐶∗ = 𝐴𝑐 (
𝑎
𝑏
) ℎ(𝑎/𝑏,𝑚) (
𝑃
1.455𝜂𝑐
)
𝑚+1
 (37) 
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Both A and m are a regression constant and stress exponent, respectively, if the steady-
state creep rate (𝜀?̇?𝑠) of a material can be correlated with stress, and obeys the Norton’s 
power law: 
 
 𝜀?̇?𝑠 = 𝐴𝜎
𝑚 (38) 
 
It should note that the validity of the C*-integral presented above is limited to the 
condition that the extensive steady-state creep dominates the creep behavior of a material 
and the primary creep can be ignored.  In practical, creeping materials such as 
polyethylene possess the short-lived primary creep comparing to the steady-state creep, 
and the steady-state creep is the most important in design consideration. Thus, to simplify 
the analysis, Eqn. (37) is considered to calculate C* for test materials in this study.  
 
5.1.1 Creep behavior using stepped isothermal method 
To obtain A and m in Eqn. (38) for the selected test materials (P75R25, P25R75 
and P25R75/2%), a series of creep tests were carried out following the stepped isothermal 
method (SIM) in accordance with ASTM D6992 (ASTM D6992, 2015). In the past few 
decades, SIM has been developed and standardized to evaluate the long-term creep 
behavior of geosynthetics materials (Bueno et al., 2005; Greenwood & Voskamp, 2000; 
Yeo & Hsuan, 2010; Zornberg et al., 2004). The principle of SIM is that a sequence of 
creep responses of a single specimen under a constant load can be generated by elevating 
temperature in steps. Each temperature step is kept constant for a fixed period of time 
(typically 10,000 seconds) as shown in Figure 64a. Each creep response at elevated 
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temperature is, then, shifted along the log-time scale to the reference temperature to 
produce the master creep curve at the reference temperature. The main advantage for the 
SIM testing is that only a single specimen is required to obtain the complete creep-time 
behavior, avoiding material variability (Thornton, 1998; Thornton et al., 1998).  
 
 
 
(a) (b) (c) 
Figure 64: Procedure of SIM: (a) raw data, (b) log-time scale and (c) master curve after 
shifting 
 
 
5.1.2 SIM Testing 
The SIM test was conducted in an environmental chamber with an external 
temperature control unit provided by Texas Research International (TRI). The ASTM 
D638-type IV specimen was used and exposed at 23 ºC for 30 minutes to reach thermal 
equilibrium prior to starting the test. All tests were conducted from the initial reference 
temperature of 23 ºC with increments of 7 ºC. For each temperature step, the temperature 
was holding constant for a dwell time of 10,000 seconds. The creep strain was 
continuously recorded using an extensometer with the initial gauge length of 25 mm. The 
test was automatically stopped once the total strain reached to 10% to prevent the failure 
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of the extensometer. The raw data of SIM tests and the master creep curve of the P75R25 
blend were displayed in Figure 65.  The raw data in Figure 65a shows a typical stepwise 
response associated with each temperature step.  The creep response became more 
pronounced as the temperature increased.  Figure 65b shows the master creep curve with 
three different applied stresses. As expected, the creep strain increased as time and stress 
level increased.  
 
 
 
(a) 
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(b) 
Figure 65: SIM test results of P75R25: (a) raw data and (b) master creep curve with 
various stresses 
 
 
5.1.3 Creep model 
The total creep strain of 10% was not sufficient for the estimation of the steady-
state creep rate (𝜀?̇?𝑠) of the test materials.  Hence, an alternative mathematical model, 
named the theta projection method, was employed to predict a creep curve and 𝜀?̇?𝑠. The 
theta projection method was firstly introduced by Evans et al. (R. W. Evans et al., 1982) 
and Evans and Wilshire (R. W. Evans & Wilshire, 1985), and the method has been 
applied to a wide range of creeping materials (Beden et al., 1987; S. G. R. Brown et al., 
1986, 1987; R. W. Evans et al., 1985). The constitutive creep model generated by the 
theta projection method describes the shape of full creep curve (Figure 66) including 
primary and tertiary stages by using four theta parameters in Eqn. (39) 
 
 𝜀𝑡 = 𝜃1(1 − 𝑒
−𝜃2𝑡) + 𝜃3(𝑒
𝜃4𝑡 − 1) (39) 
   
where εt is the creep strain at a given time t. θ1 and θ3 quantifies the primary and tertiary 
creep strain, respectively. θ2 and θ4 describe the curvature of the creep curve in the 
corresponding region as illustrated in Figure 66.  
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Figure 66: Creep curve described by the theta projection method 
 
 
Later, Evans (M. Evans, 2000, 2004) elaborated the theta projection method by adding 
two parameters θ5 and θ6 to improve the prediction of a creep behavior as described in 
Eqn. (40) 
 
 𝜀𝑡 = 𝜃1(1 − 𝑒
−𝜃2𝑡) + 𝜃3(𝑒
𝜃4𝑡 − 1) + 𝜃5(1 − 𝑒
−𝜃6𝑡) (40) 
 
For the test materials used in this study, the 6-theta projection method provided a 
better prediction of the creep behavior than the 4-theta projection method. Thus, the 6-
theta projection method was employed to generate a creep curve. Figure 67 shows the 
comparison between the experimental data of P75R25 material and the predicted creep 
curve using Eqn. (40). The results suggested that the constitutive model predicted the 
creep behavior reasonably well, particularly for short-testing time and high stress 
condition. 
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Figure 67: Comparison between experimental and predicted creep strain of P75R25 
 
 
In the 6-theta projection method, the creep strain rate (𝜀?̇?) at a given time (t) can be 
defined by differentiating Eqn. (41) to give, 
 
 𝜀?̇? = 𝜃1𝜃2𝑒
−𝜃2𝑡 + 𝜃3𝜃4𝑒
𝜃4𝑡 + 𝜃5𝜃6𝑒
−𝜃6𝑡 (41) 
 
The time (tM) corresponding to minimum creep rate (i.e., steady-state creep rate) can be 
predicted by solving Eqn. (42) (M. Evans, 2004), 
 
 
𝜃1𝑗𝜃2𝑗
2
𝜃3𝑗𝜃4𝑗
2 𝑒
𝑡𝑀(−𝜃2𝑗−𝜃4𝑗) +
𝜃5𝑗𝜃6𝑗
2
𝜃3𝑗𝜃4𝑗
2 𝑒
𝑡𝑀(−𝜃6𝑗−𝜃4𝑗) − 1 = 0 (42) 
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Thus, the minimum creep strain rate of a material can be predicted by substituting tM 
calculated from Eqn. (42) into Eqn. (41). The obtained theta parameters and the predicted 
minimum creep rate for test materials are presented in Table 13.  The results indicated 
that the time to reach the steady-state creep decreased as the applied stress increased 
while the creep rate increased with stress. 
 
 
Table 13: Predicted creep analysis from 6-theta projection method 
Material 
Stress 
(MPa) 
θ1 θ2 θ3 θ4 θ5 θ6 
tM 
(hrs) 
Creep rate 
(/hr) 
P75R25 
8.34 0.0303 1.535 20.04 2.96E-7 0.0334 0.0070 1956.56 5.94E-6 
10.04 0.0335 0.0434 23.14 2.66E-6 0.0281 19.59 296.31 6.16E-5 
11.64 0.0342 1.9040 45.56 2.68E-6 0.0265 0.0708 182.42 1.22E-4 
P25R75 
8.50 0.0312 0.0081 15.98 3.19E-7 0.0280 1.739 1743.03 5.09E-6 
10.09 0.0320 0.0559 16.48 5.67E-6 0.0308 4.982 217.46 9.35E-5 
11.88 0.0321 0.1529 17.02 1.96E-5 0.0327 9.89 76.19 3.33E-4 
P25R75/2% 
8.49 0.0302 0.0095 75.33 1.04E-7 0.0280 1.594 1578.73 7.84E-6 
10.29 0.0264 10.17 29.66 3.09E-6 0.0305 0.0622 208.12 9.18E-5 
13.23 0.0273 9.976 24.22 5.51E-5 0.0273 0.5305 21.78 1.34E-3 
 
 
5.1.4 Estimation of transition time 
Riedel and Rice (Riedel & Rice, 1980) presented a characteristic time for the 
transition from short-time (small-scale yielding) to long-time crack growth behavior 
(extensive creep) in a creeping solid. Assuming the steady-state creep governs the creep 
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behavior of a material, the characteristic transition time (tT) separating short-time and 
long-time can be defined in Eqn. (43), 
 
 𝑡𝑇 =
𝐽
(𝑚 + 1)𝐶∗
 (43) 
 
where m denotes a stress exponent defined in Eqn. (38). Equation (43) indicates if the 
testing time t is less than tT, then the crack-tip can be determined by the time-independent 
parameter J-integral. On the other hand, the time-dependent parameter C* is the 
appropriate parameter to characterized the crack-tip condition when t is much greater 
than tT.  
To obtain m for test materials, the minimum creep rate against the applied stress 
was plotted in Figure 68. The exponent of the regression line provides the value of m and 
the intercept is related to the value of A in Eqn. (38). The obtained values were 
summarized in Table 14. 
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Figure 68: Minimum creep rate as a function of applied stress for P75R25, P25R75 and 
P25R75/2% materials. 
 
Table 14: Parameters of the Norton’s Law for P75R25, P25R75 and P25R75/2% 
Material A m 
P75R25 5.13E-14 8.9 
P25R75 1.49E-17 12.5 
P25R75/2% 1.65E-16 11.5 
 
 
The values of J and C* at the assumed transition (σN/σ0 ≈1) were calculated and 
summarized in Table 15.  Subsequently, the transition time was calculated using Eqn. 
(43).    
 
 
Table 15: J, C* and transition time at which σN/σ0 ≈1 
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Material σN/σ0  J (kJ/m
2
) C* (kJ/m
2
 min) t (min) tT (min) 
P75R25 1.06  0.479 9.90E-4 321.7 50.04 
P25R75 1.02  0.456 5.00E-3 13.5 6.75 
P25R75/2% 1.05  0.558 3.27E-2 1.43 1.37 
 
 
The results showed a relatively large discrepancy between t and tT, particularly for 
the P75R25 blend. The discrepancy may be caused by the estimation of the steady-state 
creep rate using the theta projection method, and the limited number of the experimental 
data.  The steady-state creep rate was numerically predicted due to the limitation of the 
experimental device.  The constitute model provided a more reliable prediction for the 
condition that the duration of the testing time is relatively short as shown in Figure 67. In 
addition, only three specimens for each material were tested.  These limitations might 
cause a relatively low R
2
 value for the P75R25 material.  However, the transition time of 
P25R75 and P25R75/2% which possessed higher R
2
 values showed a comparable result 
with the experimental data. 
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5.2 Crack Opening Displacement Testing 
The SCR test in water only provided a failure time under a given loading 
condition.  To gain insight into the effect of nanoclay on the SCG behavior, the crack 
opening displacement (COD) test was subsequently conducted for P25R75 with 2, 4 and 
6-wt% of nanoclay. The notched type IV specimen was used for the test. The notch was 
created by a razor blade and the depth is approximately 20% of the specimen thickness to 
be consistent with the SCR test condition. The test was conducted in an environmental 
chamber at the elevated temperature of 65°C in order to accelerate the stress cracking 
failure. A low stress which was 3.4 MPa was applied to the specimen to ensure the failure 
by SCG. The opening displacement was continuously recorded using an extensometer 
with the initial gauge length of 25 mm.  
The typical behavior of crack opening displacement δ versus time is illustrated in 
Figure 69. When a static load is applied to the notched specimen, the crack instantaneous 
opens giving a large COD and a craze ahead of the crack-tip quickly grows until the COD 
reaches δ0. As time increases, COD steadily increases at a constant rate until the onset of 
crack growth δB at tB. After that the growth of COD accelerats until failure since the 
stress intensity at the crack-tip increases as the crack propagates. The time at failure is 
denoted by tf.  
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Figure 69: General behavior of COD versus time in SCG 
 
 
The COD test results of the P25R75 blend with 2-, 4- and 6-wt% of nanoclay 
were presented in Figure 70. The P25R75 sample without nanoclay shows the general 
behavior of COD versus time which is similar to the behavior in Figure 69. The initial 
loading generated the instantaneous COD, and led to the formation of the craze at the 
crack-tip. COD steadily increased with time until the fracture initiated. The COD 
corresponding to the time to was indicated by an arrow in Figure 70. 
Adding nanoclay extended the failure time under the same applied stress. to 
generally decreased as the content of nanoclay increases.  Furthermore, the presence of 
nanoclay yielded a waviness COD curve.  In PCNs, nanoclay particles act as stress 
concentrators during crack propagation because of the discontinuity of the rigidity 
between polymer matrix and nanoclay particles. The stress concentration at the interface 
of nanoclay particles leads to the debonding process, resulting in the creation of an 
ellipsoidal void due to the high aspect ratio of clay particles (Figure 71).  The stress at the 
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pole of the ellipsoidal void is higher than the stress at the equator. As a result, crazes can 
be easily initiated at the pole even under small stress level (Cotterell et al., 2007).  This 
may be the cause for the early development of crazes in PCNs as indicated by the arrows 
in Figure 70. On the other hand, the waviness COD curve may be caused by the 
branching of the crack and the tortuosity of the crack path induced by the randomly 
oriented and distributed nanoclay particles. 
 
 
 
Figure 70: Crack opening displacement versus time for P25R75 with nanoclay. Applied 
stress is 3.4 MPa and the temperature is 65 °C. 
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Figure 71: Schematic drawing of micro-void formation ahead of crack-tip 
 
 
5.3 Fractography 
The fracture morphology of failed SENT specimens from the COD test was 
examined using a scanning electron microscope (SEM).  Figure 72 shows the 
morphological changes at different nanoclay contents. The P25R75 blend without 
nanoclay exhibited the shortest failure time and correspondingly, the fracture surface was 
very smooth (Figure 72a). At 4-wt% and 6-wt% of nanoclay, however, highly stretched 
and large foils were observed in the middle of the surfaces (Figure 72c and d).  
Adding nanoclay also led to an increase in the fibril density. The micrographs at 
higher magnification (Figure 73) depicted that the addition of 2-wt% nanoclay increased 
density of torn fibrils which were initially bridging potential crack surfaces. Further 
increase the nanoclay content to 4-wt% had minimal effect on density; however, 
extensively stretched foils came into view. Consequently, the addition of nanoclay 
increased the deformability and density of fibrils, resulting in an extension of the failure 
time of SCG. 
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(a) (b) 
 
  
(c) (d) 
Figure 72: Fracture morphologies of the failed SENT speimen at low magnification (35x): 
(a) P25R75, (b) P25R75/2%, (c) P25R75/4% and (d) P25R75/6%. 
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(a) (b) 
 
 
(c) 
Figure 73: Fracture morphologies of the failed SENT speimen at higher magnification 
(2000x): (a) P25R75, (b) P25R75/2%, and (c) P25R75/4%. 
 
 
5.4 Discussion 
The SCR test results shown in Figure 54 indicate that the failure time of SCG 
decreased as the recycled content increased in pristine HDPE.  It is generally accepted 
that the SCG resistance of HDPE is strongly related with the inter-crystalline tie 
molecules (N. Brown & Zhou, 1995; García et al., 2008; Lustiger & Markham, 1983).  
Under a low stress condition, the tie molecules bridging adjacent lamellae gradually relax 
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and disentangle with time. Eventually, the failure occurs within the amorphous region 
(inter-crystalline), showing the brittle-type failure.  Sciammarella and Yang 
(Sciammarella & Yang, 2000) reported that the recycling process of HDPE increases the 
crystallinity, leading to the reduction of the density of inter-crystalline tie molecules.  The 
recycled HDPE used in this study possessed higher crystallinity than the pristine HDPE 
as shown in Figure 14.  Therefore, the SCG resistance of pristine should be higher than 
that of recycled HDPE. 
For nanoclay composites, adding nanoclay content extended the SCG failure time, 
and the failure time increased as the nanoclay content increased.  Fracture morphology 
revealed that nanoclay produced highly stretched fibrils (or foils) during the crack growth 
process.  Assuming micro-voids were created from nanoclay particles under tensile 
loading, the polymer matrix strands between the micro-voids intensively yield due to lack 
of the lateral confinement (Figure 74).  These plastically stretched matrix or strands 
eventually form fibrils in craze.  Thus, the yielding of the adjacent polymer strands 
possibly led to an increase in fibril density in PCNs (Figure 73a and b). According to 
Michler et al. (Michler & von Schmeling, 2013), the strain level of the adjacent polymer 
matrix is related to the inter layer thickness (i.e., the distance between micro-voids).  The 
strain increases as the interlayer distance decreased.  This thickness-dependent micro 
deformation mechanism is called thin layer yielding, and it has been thoroughly 
discussed  by Kausch and Michler (Kausch & Michler, 2007) and Michler, et al. (Michler 
& von Schmeling, 2013).  It is rational to assume that an increase in nanoclay content 
decreases the inter particle distance and inter layer thickness.  Therefore, the appearance 
of extensively elongated fibrils in 4-wt% and 6-wt% of nanoclay composites (Figure 72c 
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and d) can be resulted from highly stretched polymer strands due to the decrease in the 
inter particle distance.   
 
 
 
Figure 74: Thin layer yielding in between micro-voids 
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CHAPTER 6: SUMMARY AND CONCLUSION 
The goal of this research is to assess the effect of recycled HDPE and nanoclay 
content on the short-term and long-term failure behavior of the HDPE pipe material, and 
to correlate both time-domain failures. A comprehensive discussion of this research is 
presented as follows: 
 
6.1 EWF concept for a plane-strain condition 
The short-term failure of the test materials was characterized by evaluating the 
plane-strain specific EWF value. Although the EWF concept has recently become a 
popular method to characterize the fracture properties of ductile materials, the 
determination of the plane-strain EWF is still a highly debatable issue since the EWF 
concept was initially developed for a plane-stress condition using a thin specimen 
(typically 1 to 2 mm). To extend the use of the EWF concept for a plane-strain condition, 
this study used a thick specimen (8.5 mm) and employed the energy partitioning method 
to extract the fracture energy in the brittle failure region from the total fracture energy. 
 
6.2 Crack growth modeling using XFEM 
To understand the crack growth process during the EWF testing, a series of 
numerical simulations was conducted. The fracture behavior in a material has been 
typically modeled using the classical finite element method (FEM) with the cohesive 
zone model (CZM). However, the classical FEM requires a priori specifying the potential 
crack path, and the crack propagates along the designated crack path. Such a requirement 
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limits the use of the classical FEM for the condition that the crack paths are not yet 
determined. To overcome this limitation and simulate the EWF testing, a newly 
developed method called the extended finite element method (XFEM) was considered in 
this study. 
The simulations using the XFEM-based fixed-rate CZM were carried out for the 
crack growth modeling of pristine and pristine/recycled HDPE blends. The simulation 
results showed that the load-displacement curves obtained numerically and 
experimentally for tested materials were in very good agreement with each other, 
particularly for the brittle failure region. This suggests that the XFEM model can 
effectively simulate the crack growth process during the EWF concept test. However, a 
relatively large discrepancy was observed for the ductile failure region. This is because a 
fixed-rate CZM is suitable for predicting the brittle crack growth while the ductile crack 
growth requires the updated information of strain rate and degree of constraint factors. 
This study focused on the plane-strain fracture behavior, which occurs in the brittle 
failure region. Therefore, the discrepancy in the ductile region could be ignored. 
 
6.3 Dispersion state of nanoclay 
It is well known that the dispersion state of nanoclay has dramatic influences on 
the mechanical performance of the nanocomposites. At a similar given clay content, an 
exfoliated nanocomposite generally provides a higher elastic modulus and tensile strength 
than an intercalated one, due to the good dispersion of the high-stiffness clay platelets 
(Chen & Evans, 2006). The dispersion state has also an effect on the toughness of a 
nanocomposite. Dasari et al. (Dasari et al., 2007) reported that the Izod strength of an 
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exfoliated nylon 6/nanoclay composite showed a lower value (3.2 kJ/m
2
) than that (4.3 
kJ/m
2
) of an intercalated structure. Therefore, the dispersion state of the nanocomposites 
used in this study should be discussed. 
The dispersion of nanoclay was investigated using TEM as shown in Figure 75. 
The image suggests that nanoclay platelets are reasonably dispersed in the viewed area. 
This result is also consistent with the other data (Cheng et al., 2013) using the same 
sample preparation method. However, the TEM image represents an extremely small area 
of the sample. It cannot reflect the dispersion state throughout the entire specimen. 
Measuring the dispersion of nanoclay in the polymer still remains as a challenge task. 
 
 
   
Figure 75: TEM images of nanocomposite samples (P75R25/6%) 
 
 
6.4 Data extrapolation method 
The long-term failure behavior for test materials was investigated by conducting 
the NCLS test at elevated temperatures (30 and 70 ºC). To express the behavior at the 
reference temperature (23 ºC), the data extrapolation was achieved using the Popelar’s 
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shifting method (PSM). PSM has been widely used for various PE pipe materials such as 
MDPE and HDPE. However, the applicability of PSM for the nanoclay composites has 
not been studied yet. To verify its applicability, another shifting method known as Rate 
process method (RPM) was also applied. RPM is a statistical method developed on the 
basis of the principle of Arrhenius, and it has been popularly used for thermoplastic 
materials. The result indicated that the shifted data by PSM and RPM are in close 
agreement with each other, proving that PSM could be also applied for the nanoclay 
composites tested in this study. 
 
6.5 Transition time estimation  
The determination of the transition, which separates the short-term and the creep 
failure in the J-failure time plot, was essential to verify the relationship established in 
Chapter 4. In this study, the transition time (t) was experimentally determined and 
assumed where the applied stress (σN) is equal to the material yield stress (σ0) since the 
creep failure became pronounced when σN was lower than σ0. To verify the assumption, 
the conceptual time (tT) corresponding to the transition was calculated employing the 
time-dependent creep crack growth (CCG) parameter C*.  
C* was evaluated based on the steady-state creep behavior of each material. The 
stepped isothermal method (SIM) test was conducted to investigate the creep behavior, 
and the steady-state creep rate was predicted using the 6-theta projection method model. 
The result presented in Table 15 (Chapter 5) showed that there was a relatively large 
discrepancy between t and tT for the P75R25 blend. The discrepancy was mainly caused 
by the limited condition of the experimental creep tests and the prediction of the steady-
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state creep rate. Only three different stress levels were tested for each material to generate 
the creep rate-stress relationship. Furthermore, the steady-state creep rate was predicted 
using the mathematical model whose accuracy is dependent on the testing time (i.e., the 
accuracy decreased as the testing time increased). The P75R25, which took a longer 
testing time than other samples, showed a relatively low R
2
 value of 0.88 as shown in 
Figure 67. However, t and tT of other materials (P25R75 and P25R75/2%) possessing 
high R
2
 values of 0.96 and 0.99, respectively, are in good agreement with each other. 
Further study using FEM simulation with a time-dependent crack growth model will 
provide the additional verification of the relationship. 
 
6.6 Fractography of SCR test specimens 
The fracture morphology of failed specimens from the COD test was examined 
using a scanning electron microscope (SEM). It was found that adding nanoclay caused 
the morphological changes within the craze. 2-wt% of nanoclay increased in the fibril 
density, leading to the extension of the failure time. Further increase of the nanoclay 
content up to 4- and 6-wt% produced highly stretched fibrils in the middle of the failure 
surfaces.  
To explain this enhanced deformability of fibrils, the micro deformation 
mechanism, called thin layer yielding, was introduced. The strain level of the polymer 
matrix which locates between micro-voids is dependent on the distance between the voids. 
The strain increases as the distance decreases. Assuming nanoclay particles produces 
micro-voids by debonding between the nanoclay platelet and the polymer matrix, 
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increasing the nanoclay content possibly decreased the interlayer distance and creates the 
extensively deformed fibrils during the fracture process.  
However, to apply the concept of thin layer yielding mechanism for the test 
materials in this study, the change of the interlayer distance as a function of the nanoclay 
content should be measured. Further study regarding the direct observation for the micro-
voids and the interlayer distance will help to verify the assumption. 
 
6.7 Conclusions 
The main conclusions derived from this study are presented below. 
 
 The addition of recycled HDPE, which possessed low molecular weight and high 
crystallinity, transferred the failure mode of pristine HDPE from stable-ductile to 
brittle. Also the yield stress increased with the recycled content, while the peak 
failure stress decreased. 
 The 3-D XFEM with a fixed strain rate TSL can effectively simulate the crack 
growth process during the EWF concept test, particularly for the brittle failure 
region. 
 The plane-strain specific EWF value (we,B) linearly decreased as the recycled 
HDPE content increased due to the reduction of the fibril size and deformability 
within the craze. 
 The plane-strain non-EWF value (βBwp,B) exponentially decreased with increasing 
the recycled HDPE content. This is because of the nonlinear behavior of βB and 
wp,B with respect to the recycled HDPE content. 
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 The crystallization of polymer/clay nanocomposites (PCNs) was highly dependent 
on the nanoclay content. A small amount of nanoclay less than 2-wt% enhanced 
the crystallization for P100 and P75R25. However, adding nanoclay greater than 
2-wt% suppressed the crystallization and decreased the crystallinity. 
 A substantial increase in elastic modulus and yield stress was observed at 2-wt% 
of nanoclay and then leveling out until 6-wt%. 
 The addition of 6-wt% and 2-wt% of nanoclay to pristine HDPE and recycled 
blends, respectively, substantially decreased the βBwp,B values and transferred the 
failure mode from ductile to brittle. 
 A correlation between the failure mode of EWF tested specimens and the βBwp,B 
value was found. The brittle failures were observed in the βBwp,B values less than 
0.75 while the ductile failure occurred in values greater than 1.11. 
 The difference in failure modes was caused by the changes in micro and macro 
morphologies which are related with we,B. we,B in a ductile failure was governed 
by the fibril structure while the fracture surface roughness which increased as the 
nanoclay content increased greatly affected we,B in a brittle failure. 
 The addition of recycled HDPE to pristine HDPE decreased failure time of SCG 
while the addition of nanoclay extended the time.  
 The J-integral approach to stress cracking behavior identified the short-term 
failure prior to the creep failure. 
 An empirical correlation between the plane-strain fracture toughness (Jc) and 
SCG was derived. Blending recycled HDPE decreased Jc, leading to a decrease in 
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SCG failure time. In contrast, adding nanoclay reduced Jc and prevented stress 
relaxation of the material, subsequently extending the SCG failure times. 
 The morphological changes were observed at different nanoclay contents. The 
addition of 2-wt% nanoclay led to an increase in the fibril density. Further 
increase of nanoclay to 4- and 6-wt% produced highly stretched fibrils in the 
middle of the fracture surfaces. 
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CHAPTER 7: FUTURE WORKS 
 The interaction between polyethylene and the nanoclay is critical to predicting the 
properties of the nanoclay composites. To capture the interfacial behavior 
between polyethylene and nanoclay particles, and to fully understand the function 
of nanoclay in the fracture and stress cracking mechanisms, molecular-scale 
analysis is necessary. Molecular dynamic (MD) simulation can be used to assess 
the interaction at molecular level. Figure 76 shows the preliminary work using the 
MD simulation to evaluate the interfacial cohesive stress and separation 
relationship between polyethylene molecular chains and a nanoclay platelet. The 
result revealed that the interaction behavior within the polymer matrix is different 
from the interaction between the polymer and nanoclay platelet. This molecular-
scale information can be possibly integrated to the macro-scale modeling.  
 
 
(a) 
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(b) 
Figure 76: Results of MD simulation. Cohesive strength-displacement relationship 
between (a) polymer and polymer, and (b) polymer and nanoclay 
 
 The relationship between the short-term and long-term failure behavior can 
suggest a new approach to predict the long-term failure time through the short-
term testing. Slow crack growth resistance of PE piping materials is currently 
assessed by time-consuming testing methods such as the NCLS test. Although the 
test is conducted at elevated temperatures to accelerate the stress cracking, the test 
still requires a long period of time to be completed, particularly at a low stress 
level. Furthermore, the data extrapolation is required to represent the failure 
behavior at the reference temperature. A potential source of errors caused by the 
elevated temperature condition and the data extrapolation could be minimized if 
the test is directly performed at the reference temperature.   
 A determination of the transition separating the short-term and creep failure is 
essential for the validation of the relationship. In this study, the transition was 
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defined experimentally under limited conditions. Using computer-aided 
simulations such as FEM employing a time-dependent crack growth model will 
certainly allow determining the transition more effectively and accurately. 
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Appendix A 
Numerical simulation code of crack growth model using XFEM 
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A.1 Sample ABAQUS Input File of P75R25 blend 
*Heading 
** Job name: P75R25_PeakRate_4mm Model name: EWF_P75R25_3D 
** Generated by: Abaqus/CAE 6.11-1 
*Preprint, echo=NO, model=NO, history=NO, contact=NO 
** 
** PARTS 
** 
*Part, name=DENT 
 
*Node 
      1,           0.,          50.,   4.19999981 
      2,  0.200000003,          50.,   4.19999981 
      3,  0.400000006,          50.,   4.19999981 
      4,  0.600000024,          50.,   4.19999981 
      5,  0.800000012,          50.,   4.19999981 
      6,           1.,          50.,   4.19999981 
      7,   1.20000005,          50.,   4.19999981 
      8,   1.39999998,          50.,   4.19999981 
      9,   1.60000002,          50.,   4.19999981 
     10,   1.79999995,          50.,   4.19999981 
     11,           2.,          50.,   4.19999981 
     12,   2.20000005,          50.,   4.19999981 
     13,    2.4000001,          50.,   4.19999981 
     14,    2.5999999,          50.,   4.19999981 
     15,   2.79999995,          50.,   4.19999981 
… 
… 
… 
  87897,           4.,         -50.,           0. 
  87898,   4.19999981,         -50.,           0. 
  87899,    4.4000001,         -50.,           0. 
  87900,    4.5999999,         -50.,           0. 
  87901,   4.80000019,         -50.,           0. 
  87902,           5.,         -50.,           0. 
  87903,          6.5,         -50.,           0. 
  87904,           8.,         -50.,           0. 
  87905,          9.5,         -50.,           0. 
  87906,          11.,         -50.,           0. 
  87907,         12.5,         -50.,           0. 
  87908,          14.,         -50.,           0. 
  87909,         15.5,         -50.,           0. 
  87910,          17.,         -50.,           0. 
  87911,         18.5,         -50.,           0. 
87912,          20.,         -50.,           0. 
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*Element, type=C3D8R 
    1,   793,   794,   830,   829,     1,     2,    38,    37 
    2,   794,   795,   831,   830,     2,     3,    39,    38 
    3,   795,   796,   832,   831,     3,     4,    40,    39 
    4,   796,   797,   833,   832,     4,     5,    41,    40 
    5,   797,   798,   834,   833,     5,     6,    42,    41 
    6,   798,   799,   835,   834,     6,     7,    43,    42 
    7,   799,   800,   836,   835,     7,     8,    44,    43 
    8,   800,   801,   837,   836,     8,     9,    45,    44 
    9,   801,   802,   838,   837,     9,    10,    46,    45 
   10,   802,   803,   839,   838,    10,    11,    47,    46 
… 
… 
… 
83977, 83978, 83979, 83980, 83981, 83982, 83983, 83984, 83985, 83986, 83987, 83988, 
84745, 84746, 84747, 84748 
84749, 84750, 84751, 84752, 84753, 84754, 84755, 84756, 84757, 84758, 84759, 84760, 
84761, 84762, 84763, 84764 
84765, 84766, 84767, 84768, 84769, 84770, 84771, 84772, 84773, 84774, 84775, 84776, 
84777, 84778, 84779, 84780 
85537, 85538, 85539, 85540, 85541, 85542, 85543, 85544, 85545, 85546, 85547, 85548, 
85549, 85550, 85551, 85552 
85553, 85554, 85555, 85556, 85557, 85558, 85559, 85560, 85561, 85562, 85563, 85564, 
85565, 85566, 85567, 85568 
85569, 85570, 85571, 85572, 86329, 86330, 86331, 86332, 86333, 86334, 86335, 86336, 
86337, 86338, 86339, 86340 
86341, 86342, 86343, 86344, 86345, 86346, 86347, 86348, 86349, 86350, 86351, 86352, 
86353, 86354, 86355, 86356 
86357, 86358, 86359, 86360, 86361, 86362, 86363, 86364, 87121, 87122, 87123, 87124, 
87125, 87126, 87127, 87128 
87129, 87130, 87131, 87132, 87133, 87134, 87135, 87136, 87137, 87138, 87139, 87140, 
87141, 87142, 87143, 87144 
87145, 87146, 87147, 87148, 87149, 87150, 87151, 87152, 87153, 87154, 87155, 87156 
 
*Elset, elset=zsymm, instance=DENT-1 
     1,     2,     3,     4,     5,     6,     7,     8,     9,    10,    11,    12,    13,    14,    15,    16 
    17,    18,    19,    20,    21,    22,    23,    24,    25,    26,    27,    28,    29,    30,    31,    32 
    33,    34,    35,   736,   737,   738,   739,   740,   741,   742,   743,   744,   745,   746,   
747,   748 
   749,   750,   751,   752,   753,   754,   755,   756,   757,   758,   759,   760,   761,   762,   
763,   764 
   765,   766,   767,   768,   769,   770,  1471,  1472,  1473,  1474,  1475,  1476,  1477,  
1478,  1479,  1480 
… 
… 
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… 
78677, 78678, 78679, 78680, 79381, 79382, 79383, 79384, 79385, 79386, 79387, 79388, 
79389, 79390, 79391, 79392 
79393, 79394, 79395, 79396, 79397, 79398, 79399, 79400, 79401, 79402, 79403, 79404, 
79405, 79406, 79407, 79408 
79409, 79410, 79411, 79412, 79413, 79414, 79415, 80116, 80117, 80118, 80119, 80120, 
80121, 80122, 80123, 80124 
80125, 80126, 80127, 80128, 80129, 80130, 80131, 80132, 80133, 80134, 80135, 80136, 
80137, 80138, 80139, 80140 
80141, 80142, 80143, 80144, 80145, 80146, 80147, 80148, 80149, 80150 
 
*Nset, nset=xsymm, instance=DENT-1, generate 
     1,  87877,     36 
 
*Elset, elset=xsymm, instance=DENT-1, generate 
     1,  80816,     35 
 
*Nset, nset=displpoint, instance=DENT-1 
 425, 
 
*Enrichment, name=crack, type=PROPAGATION CRACK, elset=_PickedSet26 
 
*End Assembly 
**  
 
** MATERIALS 
**  
*Material, name="P75R25-by Joon-mean" 
 
*Damage Initiation, criterion=MAXPS, tolerance=0.1 
 33.5, 
 
*Damage Evolution, type=DISPLACEMENT, softening=EXPONENTIAL 
 4.3, 7.5 
 
*Damage Stabilization 
1e-05 
 
*Density 
 9.5e-10, 
 
*Elastic 
 915.965, 0.35 
 
*Plastic 
 13.6375,          0. 
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 14.1188, 0.000459235 
 14.5818, 0.000937496 
 15.0291,  0.00143199 
 15.4575,  0.00194614 
 15.8553,   0.0024927 
 16.2226,  0.00307157 
  16.582,  0.00365814 
 16.9279,  0.00425858 
 17.2606,  0.00487236 
 17.5807,    0.005499 
 17.8886,  0.00613797 
 18.1848,  0.00678876 
 18.4698,  0.00745087 
  18.744,  0.00812378 
  19.008,  0.00880696 
 19.2621,  0.00949991 
 19.5069,   0.0102021 
 19.7429,    0.010913 
 19.9705,   0.0116321 
 20.1903,   0.0123588 
 20.4026,   0.0130927 
 20.6081,   0.0138332 
 20.8071,   0.0145797 
 21.0003,   0.0153318 
  21.188,   0.0160888 
  21.366,   0.0168556 
 21.5397,   0.0176261 
 21.7075,   0.0184022 
 21.8695,   0.0191836 
  22.026,   0.0199701 
 22.1772,   0.0207615 
 22.3232,   0.0215577 
 22.4641,   0.0223585 
 22.6003,   0.0231635 
 22.7319,   0.0239727 
 22.8591,   0.0247858 
  22.982,   0.0256027 
 23.1009,    0.026423 
 23.2159,   0.0272466 
 23.3273,   0.0280733 
 23.4352,   0.0289029 
 23.5399,   0.0297352 
 23.6414,   0.0305699 
 23.7401,   0.0314069 
 23.8361,   0.0322459 
 23.9223,   0.0330948 
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 24.0095,   0.0339417 
 24.0943,   0.0347903 
 24.1769,   0.0356404 
 24.2572,   0.0364921 
 24.3353,   0.0373454 
 24.4112,   0.0382001 
 24.4849,   0.0390564 
 24.5565,   0.0399142 
 24.6259,   0.0407735 
 24.6931,   0.0416342 
 24.7583,   0.0424963 
 24.8214,   0.0433599 
 24.8824,   0.0442248 
 24.9413,   0.0450911 
 24.9983,   0.0459588 
 25.0532,   0.0468277 
 25.1061,    0.047698 
 25.1571,   0.0485696 
 25.2061,   0.0494424 
 25.2512,   0.0503187 
 25.2982,    0.051192 
 25.3439,   0.0520659 
 25.3882,   0.0529404 
 25.4313,   0.0538155 
  25.473,   0.0546912 
 25.5135,   0.0555674 
 25.5528,   0.0564441 
 25.5908,   0.0573212 
 25.6276,   0.0581989 
 25.6633,   0.0590769 
 25.6978,   0.0599554 
 25.7312,   0.0608343 
 25.7635,   0.0617135 
 25.7947,   0.0625931 
 25.8249,    0.063473 
  25.854,   0.0643532 
 25.8821,   0.0652337 
 25.9093,   0.0661144 
 25.9354,   0.0669953 
 26.0707,   0.0715375 
 28.3721,    0.149025 
 
*Initial Conditions, type=ENRICHMENT 
DENT-1.39701, 1,crack, 0.1, 0. 
DENT-1.39701, 2,crack, 0.1, -0.2 
DENT-1.39701, 3,crack, 0.1, -0.2 
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DENT-1.39701, 4,crack, 0.1, 0. 
DENT-1.39701, 5,crack, -0.1, 0. 
… 
… 
… 
DENT-1.40425, 4,crack, 0.1 
DENT-1.40425, 5,crack, -0.1 
DENT-1.40425, 6,crack, -0.1 
DENT-1.40425, 7,crack, -0.1 
DENT-1.40425, 8,crack, -0.1 
 
**  
** BOUNDARY CONDITIONS 
**  
** Name: botfix Type: Symmetry/Antisymmetry/Encastre 
*Boundary 
bottom, ENCASTRE 
 
** Name: xsymm Type: Symmetry/Antisymmetry/Encastre 
*Boundary 
xsymm, XSYMM 
 
** Name: zsymm Type: Symmetry/Antisymmetry/Encastre 
*Boundary 
zsymm, ZSYMM 
 
** ---------------------------------------------------------------- 
**  
** STEP: load 
**  
*Step, name=load, nlgeom=YES, inc=1000000 
*Static, stabilize=0.0002, allsdtol=0.05, continue=NO 
0.01, 1., 1e-08, 0.1 
 
**  
** BOUNDARY CONDITIONS 
**  
** Name: displ Type: Displacement/Rotation 
*Boundary 
top, 2, 2, 5. 
 
**  
** INTERACTIONS 
**  
** Interaction: growth 
*Enrichment Activation, name=crack, activate=ON 
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**  
** CONTROLS 
**  
*Controls, reset 
*Controls, analysis=discontinuous 
*Controls, parameters=time incrementation 
, , , , , , , 20, , ,  
 
**  
** OUTPUT REQUESTS 
**  
*Restart, write, frequency=0 
 
**  
** FIELD OUTPUT: F-Output-1 
**  
*Output, field 
*Node Output 
CF, PHILSM, RF, U 
*Element Output, directions=YES 
LE, PE, PEEQ, PEMAG, S, STATUSXFEM 
*Contact Output 
CDISP, CSTRESS, ENRRT 
 
**  
** HISTORY OUTPUT: H-Output-1 
**  
*Output, history 
*Energy Output 
ALLAE, ALLCD, ALLDMD, ALLEE, ALLFD, ALLIE, ALLJD, ALLKE, ALLKL, 
ALLPD, ALLQB, ALLSD, ALLSE, ALLVD, ALLWK, ETOTAL 
*Contact Output 
ENRRT,  
*End Step 
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A.2 Material Properties of Pristine and Recycled Blends used in ABAQUS 
A.2.1 P100 
*Material, name="P100-by Joon-mean" 
*Damage Initiation, criterion=MAXPS, tolerance=0.1 
 35.5, 
*Damage Evolution, type=DISPLACEMENT, softening=EXPONENTIAL 
 4.5, 4.5 
*Damage Stabilization 
1e-05 
*Density 
 9.5e-10, 
*Elastic 
 888.885, 0.35 
*Plastic 
 13.2343,          0. 
 13.6878, 0.000474532 
 14.1301, 0.000960679 
 14.5646,  0.00145467 
 14.9863,  0.00196205 
 15.3777,  0.00250269 
 15.7185,  0.00309919 
  16.066,  0.00368714 
    16.4,   0.0042894 
 16.7209,  0.00490543 
 17.0292,  0.00553469 
 17.3254,  0.00617661 
 17.6099,  0.00683066 
 17.8834,  0.00749627 
 18.1462,  0.00817289 
 18.3989,  0.00885996 
  18.642,  0.00955691 
 18.8759,   0.0102632 
 19.1012,   0.0109782 
 19.3184,   0.0117015 
  19.528,   0.0124323 
 19.7305,   0.0131702 
 19.9265,   0.0139145 
 20.1163,   0.0146648 
 20.3007,   0.0154204 
   20.48,   0.0161807 
 20.6489,   0.0169517 
 20.8139,   0.0177262 
 20.9731,   0.0185064 
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 21.1265,    0.019292 
 21.2745,   0.0200829 
 21.4172,   0.0208789 
 21.5549,   0.0216796 
 21.6876,   0.0224849 
 21.8156,   0.0232946 
 21.9392,   0.0241085 
 22.0585,   0.0249262 
 22.1737,   0.0257476 
  22.285,   0.0265725 
 22.3927,   0.0274006 
 22.4969,   0.0282317 
 22.5978,   0.0290655 
 22.6957,   0.0299019 
 22.7908,   0.0307405 
 22.8833,   0.0315813 
 22.9733,   0.0324238 
 23.0639,   0.0332649 
 23.1462,   0.0341144 
 23.2259,   0.0349658 
 23.3032,   0.0358192 
  23.378,   0.0366744 
 23.4506,   0.0375313 
 23.5208,   0.0383899 
 23.5889,   0.0392501 
 23.6548,   0.0401118 
 23.7187,    0.040975 
 23.7807,   0.0418394 
 23.8407,   0.0427052 
 23.8989,   0.0435721 
 23.9554,   0.0444401 
 24.0101,   0.0453091 
 24.0633,   0.0461791 
  24.115,   0.0470499 
 24.1652,   0.0479215 
 24.2141,   0.0487937 
 24.2617,   0.0496665 
 24.3108,   0.0505367 
  24.356,   0.0514106 
 24.3997,   0.0522852 
  24.442,   0.0531605 
 24.4831,   0.0540364 
 24.5229,   0.0549129 
 24.5614,   0.0557899 
 24.5988,   0.0566674 
  24.635,   0.0575453 
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 24.6702,   0.0584236 
 24.7043,   0.0593023 
 24.7374,   0.0601812 
 24.7695,   0.0610604 
 24.8008,   0.0619397 
 24.8312,   0.0628191 
 24.8608,   0.0636986 
 24.8897,   0.0645782 
 24.9178,   0.0654577 
 24.9453,   0.0663371 
 24.9722,   0.0672163 
 25.1128,    0.071748 
 28.1006,    0.168387 
 31.0884,    0.265025 
 
A.2.2 P75R25 
*Material, name="P75R25-by Joon-mean" 
*Damage Initiation, criterion=MAXPS, tolerance=0.1 
 33.5, 
*Damage Evolution, type=DISPLACEMENT, softening=EXPONENTIAL 
 4.3, 7.5 
*Damage Stabilization 
1e-05 
*Density 
 9.5e-10, 
*Elastic 
 915.965, 0.35 
*Plastic 
 13.6375,          0. 
 14.1188, 0.000459235 
 14.5818, 0.000937496 
 15.0291,  0.00143199 
 15.4575,  0.00194614 
 15.8553,   0.0024927 
 16.2226,  0.00307157 
  16.582,  0.00365814 
 16.9279,  0.00425858 
 17.2606,  0.00487236 
 17.5807,    0.005499 
 17.8886,  0.00613797 
 18.1848,  0.00678876 
 18.4698,  0.00745087 
  18.744,  0.00812378 
  19.008,  0.00880696 
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 19.2621,  0.00949991 
 19.5069,   0.0102021 
 19.7429,    0.010913 
 19.9705,   0.0116321 
 20.1903,   0.0123588 
 20.4026,   0.0130927 
 20.6081,   0.0138332 
 20.8071,   0.0145797 
 21.0003,   0.0153318 
  21.188,   0.0160888 
  21.366,   0.0168556 
 21.5397,   0.0176261 
 21.7075,   0.0184022 
 21.8695,   0.0191836 
  22.026,   0.0199701 
 22.1772,   0.0207615 
 22.3232,   0.0215577 
 22.4641,   0.0223585 
 22.6003,   0.0231635 
 22.7319,   0.0239727 
 22.8591,   0.0247858 
  22.982,   0.0256027 
 23.1009,    0.026423 
 23.2159,   0.0272466 
 23.3273,   0.0280733 
 23.4352,   0.0289029 
 23.5399,   0.0297352 
 23.6414,   0.0305699 
 23.7401,   0.0314069 
 23.8361,   0.0322459 
 23.9223,   0.0330948 
 24.0095,   0.0339417 
 24.0943,   0.0347903 
 24.1769,   0.0356404 
 24.2572,   0.0364921 
 24.3353,   0.0373454 
 24.4112,   0.0382001 
 24.4849,   0.0390564 
 24.5565,   0.0399142 
 24.6259,   0.0407735 
 24.6931,   0.0416342 
 24.7583,   0.0424963 
 24.8214,   0.0433599 
 24.8824,   0.0442248 
 24.9413,   0.0450911 
 24.9983,   0.0459588 
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 25.0532,   0.0468277 
 25.1061,    0.047698 
 25.1571,   0.0485696 
 25.2061,   0.0494424 
 25.2512,   0.0503187 
 25.2982,    0.051192 
 25.3439,   0.0520659 
 25.3882,   0.0529404 
 25.4313,   0.0538155 
  25.473,   0.0546912 
 25.5135,   0.0555674 
 25.5528,   0.0564441 
 25.5908,   0.0573212 
 25.6276,   0.0581989 
 25.6633,   0.0590769 
 25.6978,   0.0599554 
 25.7312,   0.0608343 
 25.7635,   0.0617135 
 25.7947,   0.0625931 
 25.8249,    0.063473 
  25.854,   0.0643532 
 25.8821,   0.0652337 
 25.9093,   0.0661144 
 25.9354,   0.0669953 
 26.0707,   0.0715375 
 28.3721,    0.149025 
 
A.2.3 P50R50 
*Material, name="P50R50-by Joon-mean" 
*Damage Initiation, criterion=MAXPS, tolerance=0.1 
 29.5, 
*Damage Evolution, type=DISPLACEMENT, softening=EXPONENTIAL 
3., 7.5 
*Damage Stabilization 
1e-05 
*Density 
 9.5e-10, 
*Elastic 
 929.562, 0.35 
*Plastic 
 13.8399,          0. 
 14.3236, 0.000464423 
 14.7898, 0.000946669 
 15.2407,   0.0014444 
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 15.6716,  0.00196267 
 16.0676,  0.00251752 
 16.4353,  0.00310184 
 16.7972,  0.00369152 
  17.145,  0.00429536 
 17.4792,  0.00491282 
 17.8004,  0.00554335 
 18.1091,  0.00618642 
 18.4058,  0.00684147 
 18.6909,  0.00750797 
  18.965,  0.00818534 
 19.2287,  0.00887305 
 19.4824,  0.00957054 
 19.7266,   0.0102773 
 19.9619,   0.0109926 
 20.1889,   0.0117161 
 20.4079,   0.0124471 
 20.6196,   0.0131851 
 20.8245,   0.0139294 
 21.0231,   0.0146796 
  21.216,   0.0154351 
 21.4037,   0.0161952 
 21.5864,   0.0169597 
 21.7591,    0.017734 
 21.9261,   0.0185136 
 22.0876,   0.0192982 
 22.2436,   0.0200877 
 22.3944,    0.020882 
 22.5402,   0.0216808 
  22.681,    0.022484 
  22.817,   0.0232914 
 22.9485,   0.0241028 
 23.0755,   0.0249181 
 23.1983,    0.025737 
  23.317,   0.0265594 
 23.4317,   0.0273852 
 23.5428,    0.028214 
 23.6502,   0.0290458 
 23.7543,   0.0298804 
 23.8551,   0.0307176 
 23.9529,   0.0315572 
 24.0477,    0.032399 
 24.1347,   0.0332484 
 24.2239,   0.0340944 
 24.3102,   0.0349428 
 24.3937,   0.0357932 
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 24.4745,   0.0366457 
 24.5526,   0.0375002 
 24.6282,   0.0383566 
 24.7013,   0.0392147 
  24.772,   0.0400745 
 24.8404,   0.0409359 
 24.9067,   0.0417988 
 24.9708,   0.0426631 
 25.0329,   0.0435287 
 25.0931,   0.0443955 
 25.1514,   0.0452634 
  25.208,   0.0461323 
 25.2629,   0.0470022 
 25.3163,   0.0478728 
 25.3682,   0.0487442 
 25.4187,   0.0496162 
 25.4625,   0.0504946 
 25.5099,   0.0513682 
 25.5559,   0.0522426 
 25.6004,   0.0531177 
 25.6434,   0.0539934 
 25.6851,   0.0548698 
 25.7255,   0.0557468 
 25.7645,   0.0566243 
 25.8023,   0.0575023 
  25.839,   0.0583808 
 25.8744,   0.0592597 
 25.9087,   0.0601389 
  25.942,   0.0610185 
 25.9742,   0.0618983 
 26.0054,   0.0627784 
 26.0357,   0.0636587 
  26.065,   0.0645391 
 26.0935,   0.0654196 
 26.1212,   0.0663001 
 26.1481,   0.0671807 
 26.2865,   0.0717216 
  29.244,     0.16854 
 32.2015,    0.265358 
 
A.2.4 P25R75 
*Material, name="P25R75-by Joon-mean" 
*Damage Initiation, criterion=MAXPS, tolerance=0.1 
25., 
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*Damage Evolution, type=DISPLACEMENT, softening=EXPONENTIAL 
3., 7.5 
*Damage Stabilization 
1e-05 
*Density 
 9.5e-10, 
*Elastic 
 951.185, 0.35 
*Plastic 
 14.1618,          0. 
 14.6481, 0.000473482 
 15.1121, 0.000969448 
 15.5565,  0.00148507 
 15.9808,  0.00202083 
 16.3802,  0.00258175 
 16.7585,  0.00316402 
 17.1206,  0.00376231 
 17.4685,  0.00437455 
 17.8027,  0.00500019 
 18.1238,  0.00563872 
 18.4322,  0.00628958 
 18.7285,  0.00695224 
 19.0133,  0.00762615 
 19.2869,  0.00831077 
 19.5499,  0.00900555 
  19.803,  0.00970994 
 20.0465,   0.0104234 
  20.281,   0.0111453 
 20.5071,   0.0118752 
 20.7253,   0.0126125 
 20.9361,   0.0133566 
 21.1401,   0.0141069 
 21.3377,    0.014863 
 21.5297,   0.0156242 
 21.7163,   0.0163899 
 21.8934,   0.0171649 
 22.0652,   0.0179444 
 22.2312,    0.018729 
 22.3917,   0.0195186 
 22.5468,    0.020313 
 22.6965,    0.021112 
 22.8412,   0.0219155 
  22.981,   0.0227232 
  23.116,    0.023535 
 23.2464,   0.0243508 
 23.3724,   0.0251703 
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 23.4941,   0.0259933 
 23.6117,   0.0268198 
 23.7253,   0.0276495 
 23.8353,   0.0284823 
 23.9416,   0.0293179 
 24.0445,   0.0301563 
 24.1441,   0.0309971 
 24.2407,   0.0318403 
 24.3344,   0.0326857 
 24.4219,   0.0335367 
 24.5087,   0.0343874 
 24.5928,   0.0352402 
 24.6743,   0.0360948 
 24.7532,   0.0369513 
 24.8296,   0.0378095 
 24.9036,   0.0386694 
 24.9752,   0.0395308 
 25.0446,   0.0403937 
 25.1118,   0.0412581 
 25.1769,   0.0421238 
 25.2399,   0.0429908 
  25.301,    0.043859 
 25.3603,   0.0447282 
 25.4177,   0.0455985 
 25.4735,   0.0464697 
 25.5275,   0.0473418 
 25.5801,   0.0482146 
 25.6311,   0.0490882 
 25.6808,   0.0499623 
 25.7434,    0.050822 
 25.7892,   0.0516985 
 25.8337,   0.0525755 
 25.8769,    0.053453 
 25.9189,    0.054331 
 25.9596,   0.0552094 
 25.9991,   0.0560883 
 26.0374,   0.0569675 
 26.0746,   0.0578471 
 26.1107,    0.058727 
 26.1458,   0.0596071 
 26.1798,   0.0604876 
 26.2128,   0.0613682 
 26.2448,    0.062249 
 26.2759,     0.06313 
 26.3061,    0.064011 
 26.3355,   0.0648922 
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  26.364,   0.0657733 
 26.3917,   0.0666545 
 26.4187,   0.0675357 
 26.5579,   0.0720792 
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